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REMARKS 

Claims 7-12, 15-17, 22-25 and 29-37 are currently pending in this application, 
where claims 22-25 are withdrawn as being directed to non-elected subject matter and 
claims 30-37 are indicated as allowable. 

Claims 1 -6. 13-14, 26-28 and 38 were previously cancelled and claims 18-21 are 
presently cancelled without prejudice or disclaimer to the subject matter contained 
therein. 

Claims 7, 12 and 17 are amended. Claim 7 is amended to incorporate the 
limitation "a infectious RNA transcript of JEV is transcribed directly from the cDNA 
clone," claim 12 is amended to remove non-elected subject matter, and claim 17 is 
amended to be consistent with claim 15 from which claim 17 depends. Support for the 
amendments can be found throughout the present specification as originally filed, 
including, for example, previous claim 18 now cancelled. 

The amendment and the cancellation of the claims are solely for advancing 
prosecution. Applicants, by amending or canceling any claims herein, make no 
admission as to the validity of any rejection made by the Examiner against any of these 
claims. Applicants reserve the right to reassert the original claim scope of any claim 
amended herein, in a continuing application. 

Applicants thank the Examiner for reinstating and examining the previously 
withdrawn claims 34-37, and for the indication that claims 30-37 are allowable. 
Applicants also thank the Examiner for an indication of allowability of claims 12 and 15- 
17, although they remain objected to a being dependent on a rejected claim. 
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The Specification is amended with regard to the section "Brief description of the 
drawings." In particular, the Specification Is amended in the paragraph at page 36, line 4 
to page 37, line 13 as originally filed, which describes Figure 3. The paragraph as 
amended contains sequence identifiers SEQ ID NOs. 68-71 for the sequences described 
in Figure 3 as originally filed. 

The Sequence Listing is substituted with the ninety-five (95) pages of substitute 
sheets for Sequence Listing. In the substitute sheets, the sequence listing has been 
amended to provide sections <210> - <213>, <220>, <223> and <400> for each of the 
sequences presented In the original Figure 3. 

No new matter Is introduced in the claims and the specification within the 
meaning of 35 U.S.C. §132. Accordingly, entry of the amendments to the claims and 
the specification is respectfully requested. 

Further, no new matter is introduced in the amendment to the sequence listing 
within the meaning of 35 U.S.C. §132. The submission, attached hereto In accordance 
with the relevant sections of 37 CFR 1.821, does not include new matter and the 
content of the attached paper copy; and the attached computer readable copy of the 
Sequence Listing are the same. Therefore, entry of the amendment is respectfully 
requested. 

/. At page 5 of the OfHcial Action, the specification is objected to for the 
informalities that Figure 3 includes sequences which are not properly 
indentified by sequence identifier. 

Applicants submit that the sequences as presented in Figure 3 are identified In 
the substitute sheets of Sequence Listing as SEQ ID NOs. 68-71, respectively. Also, 
the Specification as amended describes in the section "Brief description of the 
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Applicants submit that the sequences as presented in Figure 3 are identified in 
the substitute sheets of Sequence Listing as SEQ ID NOs. 68-71, respectively. Also, 
the Specification as amended describes in the section "Brief description of the 
drawings" the four sequences presented in Figure 3 using sequence identifier SEQ ID 
NO. 68 for the 5* termini of full-length JEV cDNA clone, tatagagaag; SEQ ID NO. 69 for 
the 3' termini of SP6- or T7-driven JEV cDNA template digested with Xhol, aggatccgag; 
SEQ ID NO. 70 for the 3* termini of SP6- or T7-driven JEV cDNA templated digested 
with Xbal, aggatctcta ga; and SEQ ID NO. 71 for the 3' termini of JEV cDNA template 
treated with mung bean nuclease, aggatct. 

Accordingly, Applicants submit that each of the sequences in Figure 3 is properly 
described using sequence identifiers SEQ ID NOs. 68-71, respectively, in the 
description of Figure 3, as required by 37 CFR §1 .821 . 

Accordingly, withdrawal of this objection is respectfully requested. 

//. At page 5 of the Official Action, claims 12 is objected for the informalities 
that it contains multiple sequence identifiers drawn to non-elected subject 
matter 

Applicants submit that presently pending claim 12, as amended, does not contain 
multiple sequence identifiers drawn to non-elected subject matter. Accordingly, 
withdrawal of this objection is respectfully requested. 

Applicants note that at page 3 the Official Action states that the objection to claim 
15 has been maintained. However, considering that claim 15 has been previously 
amended not to contain multiple sequence identifiers and the same objection is not 
presented under the title "New Objections" in the Official Action, Applicants believe that 
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the previous objection to claim 15 is withdrawn in this Official Action. See page 3 1^' 
and 2"*^ paragraphs under the title "Claim Objections." 

///. At page 5 of the Official Action, claim 7-11, 18-19, 21 and 29 are rejected as 
being unpatentable over Zhang et al. (Journal of Virological Methods, 
Aug.2001, Vol. 96, No. 2, pp. 171-182) in view of Venugopal et al. (Vaccine, 
1995, Vol. 13, No.11, pp. 1000-1005). 

As a basis for the rejection, the Official Action states in relevant part: 

...Zhang et al. (hereinafter Zhang) teaches a technique to produce 
genome length cDNA stable clone from Japanese encephalitis virus 
(Abstract). The cDNA has a 17 promoter at the 5' end and a "run-off' 
transcript with vector sequences at either end (Abstract). The full-length 
amplicon was cloned into a vector under the SP6 promoter (Abstract). The 
RNA transcript was synthesized from the clone (page 174-175, connecting 
paragraph). Zhang teaches Japanese encephalitis virus genome lacks a 
poly-A tail at the 3'-terminus (page 176, 1st column). Zhang teaches RNA 
transcripts were transfected into BHK-21 cells (page 175, 1st column, 1st 
paragraph). Zhang teaches Japanese encephalitis virus has short 
untranslated regions (page 172, 1st column, 1st paragraph). Zhang 
teaches amplification of the full-length JEV genome by novel long RT-PCR 
protocol, transcription of infectious RNA directly from the amplicon and 
construction of a stable full-length JEV cDNA clone (page 173, 1st 
column, 2nd paragraph). Zhang also teaches the transcript from the clone 
was non-infectious, however, the transcript from the amplicon of the clone 
was infectious (page 180, top of 2nd col.). 

... Zhang does not teach the cDNA of JEV cloned into a BAG vector. 
Venugopal et al. (herein after Venugopal) teaches protective immunogens 
of flaviviruses produced in a recombinant baculovirus expression system 
has been shown to be successful in animal models (Abstract). Venugopal 
teaches the cDNA clone was transcribed into the baculovirus vector (p. 
1001, 1^' col. 2"'' para.). Venugopal teaches the recombinant baculovirus 
vector expressing St. Louis encephalitis (SLE) virus proteins showed 
significant protective immune responses against SLE virus in mice (60% 
survival) (p. 1003, 1'' col. 2"^ full para.). Therefore Venugopal teaches 
using a BAG vector with another encephalitis virus of the flavivirus family. 
It would have been prima facie obvious to the person of ordinary skill in 
the art at the time of the invention was made to use a baculovirus vector. 
The person of ordinary skill in the art would have been motivated to use a 
BAG vector because it is a common vector used in the rat and Venugopal 
teaches the BAG vector provided protective immune response with a 
flavivirus, and reasonably would have expected success because of the 
teachings of Zhang and Venugopal. 
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Applicants respectfully traverse this rejection with regard to presently pending 
claims 7-11, 21 and 29. Applicants note that to establish a prima facie case of 
obviousness, the PTO must satisfy three requirements. First, as the U.S. Supreme 
Court recently held in KSR International Co. v. Teleflex Inc., 550 U.S. 398 (2007), "a 
court must ask whether the improvement is more than the predictable use of prior art 
elements according to their established functions. ... it can be important to identify a 
reason that would have prompted a person of ordinary skill in the relevant field to 
combine the elements in the way the claimed new invention does... because inventions 
in most, if not all, instances rely upon building blocks long since uncovered, and claimed 
discoveries almost of necessity will be combinations of what, in some sense, is already 
known." Second, the proposed modification of the prior art must have had a reasonable 
expectation of success, determined from the vantage point of the skilled artisan at the 
time the invention was made. Amgen Inc. v. Chugai Pharm. Co., 18 USPQ 1016, 1023 
(C.C.P.A 1970). Lastly, the prior art references must teach or suggest all the limitations 
of the claims. In re Wilson, 165 USPQ 494, 496 (C.C.P.A. 1970). 

Further, Applicants note that a prima facie case of obviousness can be rebutted if 
the claimed invention yields unexpectedly improved properties or properties not 
presented in the prior art. In re Dillon, 919 F.2d at 692-93, 16 USPQ2d at 1901 . 

In the present application. Applicants submit that not only a prima facie case of 
obviousness has not been established by the Examiner since all of the limitations of the 
present claims are not disclosed or taught by the prior art, but also any prima facie case 
of obviousness, if established, Is rebutted by the unexpected results of the presently 
claimed subject matter, as follows: 
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Presently claimed subject matter 

As clearly presented in the broadest claim 7 as amended, the present subject 
matter is drawn to "A full length infectious and genetically stable cDNA clone of 
Japanese encephalitis virus (JEV), wherein a full length cDNA of JEV is cloned into a 
bacterial artificial chromosome (BAC) and an infectious RNA transcript of JEV is 
transcribed directly from the cDNA clone." 

All of pending claims 8-11, 21 and 29 directly or indirectly, dependent from claim 

7 and thus contain all the limitations of claim 7 as above. If an independent claim is 

nonobvious under 35 U.S.C. §103, then any claim depending therefrom is nonobvious. 

In re Fine, 837 F.2d 1071, 5 USPQ2d 1596 (Fed. Cir. 1988). 

Zhang et aL not only fail to teach "infectious" cDNA clone of JEV, but also 
fail to teach use of "bacterial" artificial chromosome (BAC) vector. 

Zhang et al. describes a genetically stable cDNA clone of JEV which is non- 
infectious. In Zhang et al., what is described as infectious is only an amplicon (a cDNA 
molecule not a clone) produced by long RT-PCR using the cDNA clone as a template 
and RNA transcripts transcribed from the amplicon. 

In this regard, Applicants would draw the Examiner's attention to the fact that an 
infectious cDNA clone is distinguished from an infectious cDNA molecule since 
the former is capable of self-replicating but the latter isn't. Actually, an infectious cDNA 
molecule of JEV which is not cloned is well known in the art. Indeed, the infectious 
cDNA molecule can be produced using direct RT-PCR without cloning. See Zhang et 
al., lines 38-42, right column of p. 172. However, no one succeeded in producing an 
infectious cDNA clone of JEV, including Zhang et al., prior to the presently claimed 
subject matter. As supported by the references, which are attached hereto as Exhibit A 
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to D, of which Exhibit B is the work of the present inventors, It has been recognized in 
the art that an Infectious cDNA clone of a particular RNA virus is a cloned cDNA 
capable of producing infectious RNA transcripts transcribed therefrom. See Exhibit A: 
Mendez et al., J. Virol., 1998, 72(6): 4737-4745, particularly at page 4743, right column; 
Exhibit B: Yun et al., J. Virol., 2003, 77(11): 6450-6465, particularly at page 6450, 
Abstract part, right column, lines 6-7, and left column, lines 22-26; Exhibit C: Rice etal., 
J. Virol., 1987, 61(12): 3809-3819); and Exhibit D: Lai etal., Proc. Nati. Acad. Sci. USA , 
1991, 88: 5139-5143, particularly at page 5139, right col., lines 16-20 and 29-33. These 
references are also submitted as Information Disclosure Statement herewith. Indeed, 
nowhere do Zhang et al. describe that they produced an Infectious cDNA clone of JEV. 
Rather, they describe that they constructed a stable genome-size cDNA clone of JEV. 
Accordingly, Zhang et al. recognize the difference between an infectious cDNA clone of 
JEV and a simple full-length cDNA clone of JEV. 

Further, Zhang et al. fail to teach the bacterial artificial chromosome (BAC) 
vector, as the Examiner admits in the Official Action. See, last line of page 6, the Official 
Action. 

Venugopal et al. do not remedy the deficiencies of Zhang et al. 

Venugopal et al. do not remedy the lack of teaching of "Infectious" cDNA clone of 
JEV in Zhang et al., nor teach or suggest BAC (bacterial artificial chromosome) vector. 
In particular, regarding BAC, Venugopal et al. rather describe a baculovlrus vector, 
which is different from BAC vector as required by the presently claimed subject matter. 
Applicants draw the Examiner's attention to that the baculovirus described in 
Venugopal et al., is a kind of "insect" viruses which is used for transfecting 
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insect cells. Whereas, the BAG vector used in the presently claimed subject matter is a 
"bacterial" vector. 

Further, Venugopal et al. did not clone a full-length cDNA of flavivirus. Rather, 
Venugopal et al. cloned some genes encoding particular viral peptides. Accordingly, 
Venugopal et al., taken alone or in combination with Zhang et al., do not remedy the 
deficiencies of Zhang et al. 

As such, each of Zhang et al. and Venugopal et al., taken alone or in 

combination, fails to teach or suggest all of the limitations of the presently claimed 

subject matter, as required by In re Wilson. Applicants respectfully assert that a prima 

facie case of obviousness has not been established in this application. 

The presently claimed subject matter shows unexpected results from the 
prior arts. 

As described above, only in the present application the production of an 
infectious cDNA clone of JEV has been achieved. This cannot be expected from prior 
art. No prior arts could succeed in producing an infectious cDNA clone of JEV - all of 
prior art being failure cases for producing an infectious cDNA clone of JEV. The prior 
arts instead used two separate clones (which is not a clone, rather are clones) and then 
llgated fragments derived from the separate clones. 

Further, infectious RNA transcripts produced either by conventional methods 
(I.e., cloning JEV cDNA as 2 fragments and producing RNA transcripts using in vitro 
transcription after in vitro ligation of the two fragments) or by the method of Zhang et al., 
are less effective for infecting mammalian cells. The RNA transcripts produced by the 
instant cDNA clone of JEV showed very high infectivity (exceeding PFU/ml) which is 
over loVold higher than that of conventional methods. Accordingly, Applicants submit 
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that any prima facie case of obviousness, if established, Is rebutted by the unexpected 
results of the presently claimed subject matter. 

In view of the foregoing, Zhang et al. fails to teach or suggest the construction of 
an infectious cDNA clone of JEV, as well as a bacterial artificial chromosome (BAG), 
and Venugopal et al. neither remedy the deficiencies of Zhang et al. Further, the 
presently claimed subject matter shows remarkable effects which are not expected from 
prior arts of record. 

Accordingly, nothing in Zhang et al. and Venugopal et al., each of reference 
being taken alone or in combination, can render the presently claimed subject matter 
obvious under the meaning of 35 USC 103(a). 

IV. At page 5 of the Official Action, claim 20 is rejected as being unpatentable 
over Zhang et al. (Journal of Virological Methods, Aug.2001, Vol. 96, No. 2, 
pp. 171-182) in view of Venugopal et al. (Vaccine, 1995, Vol. 13, No.11, pp. 
1000-1005) and further in view of SumiyoshI et al. (Journal of Virology, 
1992, Vol. 66, No. 9, pp. 5425-5431). 

Applicants submit that the rejected claim 20 has been canceled in the pending 
claims and this rejection is moot. 
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CONCLUSION 



Based upon the above remarks, the presently claimed subject matter Is believed 
to be patentably distinguishable over the prior art of record. The Examiner is therefore 
respectfully requested to reconsider and withdraw the rejections of claims 7-11, 21 and 
29 and allow all pending claims presented herein for reconsideration. Favorable action 
with an early allowance of the claims pending in this application is earnestly solicited. 
The Examiner Is invited to contact the undersigned attomey if it is believed that such 
contact will expedite the prosecution of the application. 



Respectfully submitted. 
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Bovine viral diarrhea virus (BVDV), strain NADL, was originally isolated from an animal with fatal mucosal 
disease. This isolate is cytopathic in cell culture and produces two forms of NS3-containing proteins: uncleaved 
NS2-3 and mature NS3. For BVDV NADL, the production of NS3, a characteristic of cytopathic BVDV strains, 
is believed to be a consequence of an in-fratne insertion of a 270-nucleotide cellular mRNA sequence (called 
cins) in the NS2 coding region. In this study, we constructed a stable full-length cDNA copy of BVDV NADL 
in a low-copy-number plasinid vector. As assayed by transfection of iMOBK cells, uncapped RNAs transcribed 
from this template were highly infectious (>10" IMTJ/pig). The recovered virus was similar in plaque mor- 
pholog\, growth properties, polyprotein processing, and cytopathogenicity to the BVDV NADL parent. Deletion 
of cIns abolished processing at the NS2/NS3 site and produced a virus that was no hmgcr cytopathic for MDBK 
cells. This deletion did not affect the efficiency of infectious virus production or viral protein production, but 
it reduced the level of virus-specific RNA synthesis and accumulation. Thus, cIns not only modulates NS3 
production but also upregulates RNA replication relative to an isogenic noncytopathic derivative lacking the 
insert. These results raise the possibility of a linkage between enhanced BVDV NADL RNA replication and 
virus-induced cytopathogenicity. 



Bovine viral diarrhea virus (BVDV), classical swine fever 
virus (CSFV), and border disease virus are members of the 
pestivirus genus, a group of important animal pathogens in the 
family Flaviviridae (24. 32). The spread and maintenance of 
BVDV in cattle involves two kinds of infections (1. 32). Most 
infections are acute and self-limiting, with effective clearance 
of the virus. In contrast, infection of pregnant animals early in 
gestation can lead to eflicienl transplacental transmission of 
the virus to the fetus and birth of a persistently infected, 
BVDV-immunotoleranl calf. Such animals are the main res- 
ervoir for BVDV, shedding virus for the life of the animal. 
Sporadically, these aniinals develop a uniformly fatal pathol- 
ogy called mucosal disease (MD). Two types of BVDV, distin- 
guishable by iheir ability to cau.se cytopathic elVect (CPE) in 
ceil culture, can be isolated from animals with MD. Strains 
responsible for establishing persistent infections are typically 
noncytopathic (non-CP), whereas both non-CP and CP strains 
can be isolated from animals exhibiting MD. Considerable 
data suggest that CP strains are derived from non-CP strains by 
rare RNA recombination events (17). 

The typical non-CP pestivirus genome is approximately 12.5 
kb in length and consists of a 5' nontranslated region (NTR), 
a single open reading frame encoding all viral polypeptides, 
and a nonpolyadenylated 3' NTR (17). Uncapped pestivirus 
niRNA is translated via internal initiation (23, 26) to produce 
a polyprotein that is cleaved into If to 12 polypeptides by host 
and viral proteases (17). The first protein, N'"", possesses an 
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autoproteolylic activity responsible for cleavage at its own C 
terminus. Downstream cleavages producing the structural 
components of the virion, C, E'"^ El, and E2, are mediated 
mainly by cellular signal peptidase (although the enzyme re- 
sponsible for cleavage at the E"'7E1 junction has not been 
defined). The nonstructural (NS) portion of the polyprotein is 
processed at four sites (3/4A, 4A/4B, 4B/5A, and 5A/5B) by a 
BVDV-encoded serine protease activity (29, 35, 36). The cat- 
alytic domain of this enzyme resides in the NS3 region and 
requires the NS4A protein as a cofactor for cleavase of at least 
two sites (4B/5A and 5A/5B) (36). 

Surprisingly, processing of the NS2-3 region differs between 
non-CP and CP BVDV isolates (see reference 17 for a review). 
Cleavage at the iNS2/NS3 junction is not observed for non-CP 
BVDV. In contrast, a discrete NS3 protein is observed for all 
CP BVDV strains studied to date (10, I I). Depending on the 
CP isolate, processing at the NS2/NS3 junction is accomplished 
by several different strategies, but most appear to involve RNA 
recombinational events. These obseivations have led to the 
hypothesis that MD pathogenesis is linked to the general ion of 
CP BVDV and, in particular, to the recombination events 
which lead to NS3 production. RNA recombination events 
linked to NS3 production include duplication and rearrange- 
ment of pestivirus sequences, insertion of cellular sequences, 
and large in-frame deletions resulting in subgenomic defective 
interfering (Df) RNAs (.see reference 17 for a review). For 
some CP isolates, the mechanism by which NS3 is produced is 
clear. In several strains, in-frame in.sertion of cellular ubiquitin 
(Ub) sequences adjacent to the NS3 N terminus provides a 
processing site for cellular Ub carboxyl-lerniinal hydrolase. In 
other cases, a duplicated N'"*' autoprotease sequence fu.sed to 
NS3 mediates the cleavage producing the NS3 N terminus. 
Recently, subgenomic (~7.5-kb) CP BVDV DI RNAs with 
large in-frame deletions were identified (14, 31). These CP DI 
RNAs require a non-CP helper virus for spread and/or repli- 
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cation. For CP9, the sequences encompassing the coding re- 
gion of C through NS2 have been deleted such that N'^'*' is 
fused directly to NS3 (31). In CP13, two deletions have re- 
sulted in the fusion of 13 N'"" residues and 10 EI residues to 
NS3, with the NS3 N terminus truncated by five residues rel- 
ative to the Ub- and NP'"-NS3 fusion junctions (14). A CP DI 
RNA for CSFV in which all sequences between the methionine 
initiating the open reading frame and NS3 have been deleted 
has also been identified (18-20). 

For two CP strains, CP7 and NADL, the mechanism(s) by 
which NS3 is produced remains obscure. Both isolates contain 
insertions in the NS2 region, apparently upstream of the NS2/ 
NS3 (2/3) cleavage site. For CP7, the insertion is a duplicated 
viral sequence of 27 nucleotides which somehow promotes 
processing at the 2/3 site, NS3 production, and cytopathoge- 
nicity in cell culture (16, 30). In the case of the American 
prototype CP BVDV strain, NADL, the insert is a 270-base 
portion of a bovine mRNA of unknown function (called cins 
[cellular insertion]) that results in an in-frame insertion of 90 
amino acid residues. 

To investigate the mechanism of NS3 production and cyto- 
pathogenicity by BVDV NADL, we constructed a stable, func- 
tional cDNA clone for this virus. Using this clone, we have 
gone on to engineer an isogenic derivative in which cIns has 
been deleted. Virus production, NS2-3 protein processing, ac- 
cumulation of virus-specific proteins and RNA, and cytopatho- 
genicily were then assessed. Our results indicate that cIns is 
necessarv' for NS3 production and the CP phenotype. 

M.ATKRI.ALS AND METHODS 

Cells and viruses. MDBK cells were propagated in Dulbecco s modified min- 
imal essential medium (DMIHM) supplemenled with sodium pyruvate and heat- 
inactivated 10% horse serum (HS). Cells were maintained at 3TC with 5% CO^. 

The NADL strain of BVDV was obtained from the American Type Culture 
Collection, plaque purified, and amplified by growth in MDBK cells. For infec- 
tion of MDBK cells, virus dilutions made in DMEM-HS were adsorbed for 1 h 
at 37°C; then the inocukim was removed and replaced with fresh DMEM-HS. 
Cultures were incubated at 37°C for 48 h. or until CPE was obserx'ed. Virus 
stocks were prepared by three IVeeze-thaw cycles of cells in their culture medium 
and clarified by centrifugation at 1.000 X g for 5 min. 

BVDV pl:i(|iic and focus-rormini* assiiys. MDBK celts (70 to 80% contlucnl) 
were infected with 10-fold dilutions of virus as described above. Following I h of 
adsorption at 37''C. cells were washed once vvith DMEM. overlaid with 1.5% 
low-melting-point (LMP) agarose (Gibco-BRI-) in MEM containing 5% HS. and 
incubated at 37''C. To assay Un plat|ue-forming virus, after 3 days monolayers 
were H.\ed with 3.7% formaldehyde for 2 h at room temperature, the agaro.se 
plugs were removed, and the monolayers were stained with crystal violet (25). 
Foci produced by non-CP BVDV were visualized by immunostaining. After 
fixation with formaldehyde, agarose plugs were removed, and cells were pernie- 
abilized with Triton X-lOO fO.25% in phosphate-buffered saline (PBSj) for !(» 
min. washed once with PBS. and then incubated with a bovine polyclonal anti- 
\iVOV serum (a49: I /1. 00(1 dilution in PBS) (5) for 1.5 h. Monolayers were 
wa.shed two times with PBS. incubated with peroNidase-conjugated rabbit anti- 
bovine immunoglobulin (1/1.000 dilution in PBS; catalog no. A-5295: Sigma 
Chemical Co.). After 1.5 h. e.xcess second antibody was removed by washing the 
monolayer two times with PBS. and foci of BVDV-specific antigens were visu- 
alized bv using the pero.xida.se substrate 3-amino-9-ethvlcarbazo!e (catalou no. 
A-5754:'Sigma). 

Con.sl ruction of a lun-leiigth BVDV NADL cDNA clone in a Inw-copy-numhcr 
plasmid. Initial attempts to a.ssemble stable full-length BVDV NADL cDNA 
clones in medium-copy-number pl3R322-derived vectors were unsuccessful. By 
using the low-copy-number plasmid vector pACNRI 180 (27). standard recom- 
binant DNA techniques and a series of intermediate plasmids were used to 
successfully assemble a full-length functional clone.' called pACNR/NADL. De- 
tails of the a.s.>;embly steps are available upon request. The salient features of the 
plasmid include a 17 promoter .sequence fused to the BVDV 5' terminus and the 
full-length BVDV cDNA .sequence followed by an engineered 5iv8387l site for 
production of runoff RNA transcripts corresponding to the precise BVDV ge- 
nome RNA 3' terminus. The T7-5' and 3'-5^l'8387I junction sequences are 
shown in Fig. 1. The clone was assembled by using previously constructed and 
sequenced NADL cDNA clones (5. 6. 35) or synthetic oligonucleotides and PCR 
(5' and 3' ends and an internal region to correct a single-base deletion at 
nucleotide 2702) (2). These regions and the clones from which thev were derived 
include t to 223 (pBV.B55: by PCR). 224 to 1291 (pBV-IS: Xiw\-Msc\ frag- 



ment). 1292 to 2479 (pBV-116b; Afvcl-EraRI). 2480 to 2826 (reverse transcrip- 
tion-PCR jRT-PCR} of NADL RNA: £coRl-/?.v/ll). 2827 to 3200 (pBV-116b: 
l<si\\-Msc\l 320! to4l75 (pBV-D79; M«-|-A'/f///l),4l76 to 5173 (pBV-F2; iMiml- 
EcoRV). 5 174 to 12537 (pBV-SD2-3'; EcoRV-Aail\). and 12538 to I257S (pBV- 
C37; by PCR). Regions amplified by PCR were verified by sequence analysis. At 
nucleotide position 2653. a G residue was found in multiple independent clones 
instead of the previously reported A residue (6). This change is silent and was 
present in the BVDV NADL RNA preparation used for R T-PCR. as shown by 
direct sequencing of the PCR product. The full-length BVDV cDNA is posi- 
tioned (sense orientation) in the pACNR-0/Y/lll~ backbone (created by filling in 
the unique DmIII site in pACNRllSO and religating) between the AaiU and 
Xlio\ sites in the polylinker (which were treated with T4 DNA polymerase prior 
to cloning). 

We consistently found that bacterial colonies harboring the correct full-length 
plasmid were tiny and required 18 to 20 h to become visible. Of several bacterial 
hosts analyzed (see Results). Eschcnchia coii SURE cells (Stratagene) were most 
reliable for pACNR/NADL propagation. This host was therefore used for sub- 
sequent plasmid constructions. Large-scale DNA preparations were obtained 
from bacterial cultures grown in Terrific broth with carbenicillin (28), and plas- 
mids were purified either by CsCl banding or by using Nucleobond AX columns 
(catalog no. 740-574: The Nesl Group). 

pACNR/cIns'NADL derivative. This deletion construct was produced by using 
specific oligonucleotide pairs (Table I) (based on the BVDV/NADL nucleotide 
sequence (6}) to PCR amplify subregions of pACNR/NADL and produce a 
convenient restriction site at or near the deletion breakpoint. These junctions are 
detailetl in Fig. IB. Fragments were then subcloned into pACNR/NADL to 
produce the desired deletion mutants. All regions amplified by PCR were veri- 
fied by sequence analysis. 

For pACNR/clns~NADL, in which the cIns sequence between nucleotides 
4994 and 5263 was deleted, oligonucleotides 343 and 346 were used to amplify 
the 4509-4993 region; oligonucleotides .345 and 344 were used to amplify the 
5264-5835 region. Oligonucleotides 345 and .346 contained silent nucleotide 
changes (underlined in Fig. IB) to create an/1/Ml site at the deletion breakpoint. 
PCR-amplified fragments were digested with/l/Ml. ligaied with 14 DNA ligase. 
digested with ^^£,'/IL purified by separation on an LMP agarose gel, and cloned 
into %/ll-digested pACNR/NADL that had been treated with calf intestinal 
alkaline phosphatase. Potentially correct clones were first identified by super- 
coiled plasmid size (28) and then by digestion with appropriate restriction en- 
zymes and finally were verified by sequence analysis. 

Standard in vitro transcription reaction. pACNR/NADL or pACNR/ 
clns~NADL were digested to completion with 5.vf'83871. extracted with phenol 
and then chloroform, and precipitated with ethanol. One microgram of linear- 
ized plasmid DNA was transcribed in 20 jxl, using the T7-MEGAscript kit 
(Ambion) with 0.5 jxCi of added pHjUTP (Dupont). Reaction nii.xtures were 
incubated at 37°C for 2 h in the absence of the cap analog. After transcription, 
the template DNA was degraded by using DNase 1 (2 U per 20-|jlI reaction; 37°C 
for 20 min) followed by extraction and precipitation as described above. RNAs 
were quantified on the basis of [''HjUTP incorporation and resuspended at a 
concentration of 2 (j.g/|xl. The fraction of full-length RNA transcripts was 
checked bv agarose gel electrophoresis;, and aliquols for transfection were stored 
at -80°C.' 

Transfection of MDBK cells. MDBK cells (70 to 80% conlluent) were 
trypsinized, washed three times with ice-cold RNase-IVee PBS, and resuspended 
at 2 X 10^ cells/ml in PBS. Unless otherwise indicated. 1 to 5 (xg of transcribed 
RNA was mixed with 0.4 ml of the cell suspension and immediately pulsed with 
a Bio-Rad Gene Pulser (1.5 kV. 25 |ulF. infinite resistance, 2 pulses) or a BTX 
ElectroSquarePorator (0.9 kV, 99-|jis pulse length, 10 pulses). The electropo- 
rated mixture was diluted with 10 ml of DMEM-HS. Depending on the particular 
experimeni, samples were diluted further and plated in multiple wells or tissue 
culture dishes. An infectious center assay (12). with slight modifications, was 
used to quantify RNA specific infectivity. Tenfold dilutions of electroporated 
MIDBK cells (in DMEM-HS) were plated (2 ml per 35-mm-diameter well) on 
monolayers of MDBK cells grown to 50 to 60% confluence. To permit recovery 
and attachment of the electroporated cells, plates were incubated for 4 h at 37''C. 
after which the medium was replaced with a 1.5% LMP agarose overlay as 
described above. Plates were incubated for 3 days at 37°C, and infectious centers 
were visualized and counted by staining for plaques or foci as described above. 

Kadioiinmunoprccipilution and SDS-PAGK. Rabbit polvclonal antiserum spe- 
cific for BVDV NS3 (G40) or bovine anli-BVDV antiserum («49) have been 
described elsewhere (5, 7). Depending on the antiserum, sodium dodecyl sulfate 
(SDS) (G40)- or Triton X-lOO (a49)-solubilized cell lysaies were used for im- 
nuinoprecipitations. Following labeling of MDBK cells, the medium was re- 
moved, cells were washed twice with ice-cold PBS. and cell extracts were pre- 
pared by lysis (0.3 ml per 35-mm-diameter well) with cither {).5% SDS or 0.5% 
Triton X-l'oo in TNE (50 niM Tris-CI [pH 7.5], I mM EDTA, 0.L5 M NaCI, 20 
|xg of phenylmethylsulfonyl fluoride). SDS-soIubilized lysales were sheared, 
heated to 75°C for 10 min. and clarified by centrifugation at 12.000 x for 10 
min. Triton X-lOO-solubilized lysates were also clarified. Clarified Ivsates were 
diluted 1:5 in TNE containing 0.5% Triton X-IOO. 2.5 jxl (G40) or 5'|xl (a49) of 
antiserum was added, and then the mi.xture was incubated overnight at 4''C with 
rocking. Protein A-agaro.se (Sigma), washed five times with TNE containing 
0.1 %» Triton X-10(). was added, and incubation was continued for 2 h at 4"C. 
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pACNR/cIns-NADL 




. . . .AAC TTT GAG GGT 

CCT TTC AGG CAG .... 

... .AAC TTT GAG GGg CCQ TTC AGG CAG 

NFEGPFRQ 

v!J^'mo/v, wi'^?I-V^!^E'''f"^!'^ pACNR/NADL. setiuenccs sin rounding transcription initiation and runolV sites, and engineered pACNR/NADl derivatives (A) 
PACNR/Na\DL (1x016 bp) with the BVDV cDNA insert and the positions of BVDV-encoded polvprotein cicavaue products are indicated. The N'-' autoproteinase 
(checkered hox). the cellular sequence inseri (cins: solid box), and serine proteinase domain (hatched box) arc highlighted. Also shown are restriction sites used for 




arr.ms). and unidcnlihed proteinases (question marks) are also shown. For the cins" deletion mutant, the parental (iipper staggered sequences) and nuuant (below) 
nucleotide and ammo acid sequences at the deletion breakpoints are shown. Silent nucleotide changes (underlined) were used \o create a novel Anal restriction site 
(shaded) to tacihtate plasmid constructions and to sci-vc as a convenient marker for distinguishinu between each nuilant and the parent 



Iminunoprecipitates were washed three times with the same solution and then 
finally once with TNE lacking Triton X-IOO. Washed immunopiecipitates were 
resuspended in Laenimli sample butler, heated to S5''C for 10 min. and centri- 
fuged at 1 2.0(10 .X ^i,' for 1 min. Inimunoprecipitated proteins were .separated bv 
SDS-polyacrvlamide gel electrophoresis (PAGE) on an S% polvacr\'lamide «el 
and visualized by fluorography (15). 



TABLE 1. Oligonucleotides used for construction of 
pACNR/NADL pACNR/clns-NADL. and RT-PCR nnalyses 



Oligonucleotide 


NADL nucleotide 
position • 


Sense 


183" 


1-27 




343 


4509-4531 


-f 


344 


5810-5835 




345 


4980-4993/5264-5287'' 


+ 


346 


4974-4993/5264-5276" 




353 


4754-4774 


+ 



" Consists of a 5' Xha\ restriction enzyme recognition sequence and the T7 
promoter, followed by BVDV NADL nucleotides 1 to 27. 
" Mutations relative to the BVDV NADL sequence are noted in Fig. IB. 



Analysis of the cIns jienetic marker. Virus (culture media and free/.e-thaw 
lysates) from ACNR/cIns-NADL- and control viru-SHniecled MDBK cells was 
treated with 2 U of DNase I (RQI: Promega) and 1 jjig of RNasc A (catalog no. 
1 1 19915; Boehringer) for .1(1 min at 37''C and then used for infection ol MDBK 
cells. Multiple sequential passages were conducted in duplicate, using the.se 
conditions. At each passage. RNA was obtained from the infected cells of »>ne 
sample by using the RNAzol method as instructed by the manufacturer (Tel- 
Test, Inc.). RNA samples were used for RT-PCR with'oligonucleotides 353 and 
344 (Table I). AmplilictI PGR products were extracted with phenol-chloroform 
and precipitated with eihanol before restriction enzyn)e digestion with Apal or 
other enzymes. Passaged samples of wild-type (wt) BVDV/NADL and ACNR/ 
NADL were used as controls for the absence of the /\pu\ site and presence of 
cIns. 

Western blotlini>. SDS-St>lubilized MDBK cell lysates were separated bv SDS- 
PAGl; (10% gel) and transferred to Immobilon P nitrocellulose membranes bv 
using the seniidry Muhiphor II Nova blot system (LKB). The membranes were 
then stained for 90 s with 0.2.^% (wt/vol) fast green l-CF in 10% acetic acid and 
then destained for 10 min in 10% acetic acid. Nonspecific binding sites were 
blocked overnight at 4''C with 5% milk in 20 niM Tris-CI-137 mM NaCI-0.1% 
Tween 20, pH 7.6 ( TBS-T). All following serum diluti(»ns and washing steps were 
carried out in TBS-T. The membranes were incubated for I h at rtwm temper- 
ature with primar)' rabbit polyclonal aniiscra specific for BVDV NS3 (G40) and 
IE2 (D31) (5. 7) diluted 1/400 each, ensuring antibody !;aiurati<in (data not 
shown). Itillowed by a secondar\' horseradi.sh peroxidase-conjugated goat anti- 
rabbit serum. I£.\tenstve wash steps were performed before primary and second- 
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ar\' antihoclies and pr'wr \o dcieciion with SuperSignal chcmiluniinesceni sub- 
strate (Pierce) and exposure to X-ray film. 

Northern blottiiiji. Total RNA was extracted I'rom MDBK cells by using 
TRIZOL reagent (Gibco-BRL). Northern blotting and hybridization was per- 
formed essentially as described by Sambrook et :il. (28). RNA from 10" cells was 
denatured with glyoxal for I h at 50°C. separated by sodium phosphate-buffered 
\% agarose gel electrophoresis, anti blotted overnight onto positively charged 
nvlon membranes (Boehringer Mannheim), using the TurboBlotter svstem 
(Schleicher c<c Schucll) and alkaline transfer buffer (3 M NaCl. 8 mM NaOH). 
The membranes were then washed with 0.2 M sodium phosphate (pH 7.0). and 
the RNA was cross-linked by irradiation with a 254-nm light source (Stratalinker 
UV cross-linker; Straiagene). A -^-P-labeled antisense RNA probe hybridizing to 
nucleotides 5413 to 5648 of the NADL genome was transcribed in vitro from the 
B«/;?H1-Iineari2ed cDNA clone pGEM-3Zf( + )/NADLAclns-Bgl. which was con- 
structed by inserting the 790-bp %/!! fragment of pNADL/clns"NADL into the 
BamH \ site of pGIZM-3Zf( + ). One microgram of DNA was transcribed with SP6 
polymerase in the presence of 0.5 mM each ATP, OTP, and OTP. 12.5 jjlM UTP. 
and 3.12 m-M (ft--^-PlUTP (S(RJ Ci/mmol: Aniersham). After treatment with 
DNase K the RNA was purified from unincorporated ribonucleoside triphos- 
phates using a Quick Spin G-5() Sephadex column (Boehringer Mannheim). The 
membrane was incubated in a HybaitI hybridization oven at GifC for 5 h in 
prehvbridization/hvbridizaiion solution (5X SSPE [ I X SSPE is 0.18 M NaCl, 10 
mM NaH.PO4.and 1 mM YLOTA {pH 7.7})- Denhardt s reagent. 0.5% SOS. 
100 (xg of denatured salmon sperm DNA per ml, 50 p-g of yeast iRNaX per ml, 
50% formamide). followed by overnight incubation at 6(»°C in fresh hybridization 
solution supplemented with 2 x 10^ cpm of labeled probe. The blot was then 
washed at 65°C three times for 30 min each with I X SSPIE-0.5% SDS and once 
for 30 min with 0.1 X SSPIE-(K5% SDS. Bands were visualized by X-ray autora- 
diography and quantified with a Molecular Imager (Bio-Rad Laboratories). 

Metabolic labeling of viral RNA. For [ '-PJorlhophosphate incorporation, in- 
fected MDBK cells were cultured in phosphate-free DM EM supplemented with 
2% heat-inactivated HS. Five hours postinfection, the cells were treated with 
dactinomycin (2 |xg/ml) lor I h prior to addition of |-'-i')orthophosphaie (200 
p-Ci/ml; ICN Pharmaceuticals. Inc.). Total RNA was harvested at 12 and IS h 
postinfection, using TRIZOL reagent. R.NaX from 7 x 10"* cells was denatured 
with glyoxal and separated by agarose gel electrophoresis as described above. 
The gel was then fixed with methanol and dried, and RNA was visualized and 
quantified as described above. 



RESULTS 

Construction of u full-length functional clone of BVDV 
NADL in low-copy-number plasmid pACNRIISO. Initial at- 
tenipls to assemble stable riill-lenglh BVDV NADL cDNA 
clones in high- or inedium-copy-plasmicl vectors failed. Finally, 
low-copy-number vector pACFSRI ISO, which had been used 
for stable propagation of full-length CSFV cDNA clones (27), 
was successfully employed. pACNR/NADL contains a T7 pro- 
moter the full-length BVDV NADL cDNA reconstructed 
from previously sequenced overlapping cDNA clones (6) or 
RT-PCR products, and a unique 3' 5Ae8387I site for produc- 
tion of runofl' RNA transcripts (see Materials and Methods) 
(Fig. 1). T7 polymerase transcription of 55X'S3S7I -linearized 
pACNR/NADL template DNA produced RNA transcripts in- 
fectious for MDBK cells, as shown in Table 2. Cap analog was 
not included in transcription reactions since pestivirus RNAs 
are believed to be uncapped (4, 19, 27); in fact, capping of in 
vitro-transcribed CSFV RNA actually reduced specific infec- 
tivity about 10- fold (27). Optimized elect roporat ion conditions 
yielded >10' PFU/p-g of RNA ti-anscripl. Template DNA 
alone was not infectious, but intact template was required 
during transcription since DNase treatment abolished infectiv- 
ity. After transcription, treatment with DNase had no effect 
whereas RNase treatment abolished infectivity of transcribed 
RNAs. These results establish that infectivity was derived by 
transcription of RNA from the full-length BVDV cDNA tem- 
plate. Typical virus yields harvested from the culture superna- 
tant and ceils (by freezc-thaw cycles) at 36 h were 3 X 10'' to 
10^ PFU/ml. The resulting virus was neutralized by BVDV- 
specific antiserum, as demonstrated by both plaque and CPE 
reduction (data not shown). 

It should be noted that even in the pACNRI 180 backbone, 
bacterial colonies harboring the full-length NADLcDNA were 



TABLE 2. Specific infectivity of in vitro RNA transcripts generated 
from pACNR/NADL" 



Material used to transfect 
MDBK cells 


lixpl 1. 
vie Id" 
(PFU) 


Yield'' 
(Pl-U) 


lixpt 2 

Virus recovered'" 
(PFU/ml) 


DNA linearized with 55^83871 


0 


0 


0 


Transcription reaction 








Complete 


ND' 


2.3 X 10' 


6,7 X 10'' 


DNase during 


0 


0 


0 


DNase after 


2.5 X ur 


2.9 X l(r 


3.9 X 10" 


RNasc after 


0 


0 


0 



"One microgram of pACNR/NADL linearized wiih .V.vt'S387l was used for 
iranscription either in the presence or in the absence of DNase I. Following 
synthesis, some transcription reactions were treated with DNase I or RNase A 
for 20 min at 37°C. After these treatments, samples were used to electroponite 
MDBK cells and infectious centers were determined as described in Materials 
and Methods. 

Data arc expressed in PFU per microgram of RNA or input DNA. 
'"Viral liter haivested 36 h postelectroporation. 
''ND. not determined. 



liny, appearing on semisolid media only after 18 to 20 h at 
37°C, The deleterious elTects of long pestivirus cDNAs and 
ftill-lcnglh clones during propagation in E. coli have been 
noted previously (21, 27, 34). Since future genetic analyses 
depended on having a reliable NADL molecular clone for 
manipulation, we investigated the stability of pACNR/NADL 
in several bacterial hosts, includinc li. coli MCI 06 1. ABLE-K. 
ABLE-C XL I -Blue, and SURE cells. Plasmid DNA from our 
initial infectious clone was used to transform each of these 
strains. We monitored colony size, gross plasmid structure by 
restriction analysis, and the specific infectivity of transcribed 
RNAs. Among'the host strains analyzed, MC1061, ABLE-K, 
and ABLE-C yielded heterogeneous mixtures of colony sizes. 
DNA from the larger colonies often showed evidence of de- 
leted or rearranged sequences and no longer yielded infectious 
RNA transcripts. In contrast, transformation of XL 1 -Blue and 
SURE cells produced relatively unilbrm populations of small 
colonies, with no evidence of DNA rearrangement, and yielded 
transcribed RNAs with consistently high specific infectivities 
(data not shown). SURE cells proved slightly better (faster 
colony growth and higher specific infectivity RNA) and were 
used for all subsequent DNA manipulations. 

Comparison of virus derived from pACNR/NADL to paren- 
tal BVDV NADL. As shown in Fig. 2A, plaques on MDBK cells 
produced by iransfection with RNA transcribed from pACNR/ 
NADL were homogeneous and similar to the BVDV NADL 
parental virus originally used for cDNA cloning. Similar results 
were obtained in plaque assays using virus harvested from cells 
iransfected with pACNR/NADL^ transcript RNA (called 
ACNR/NADL) or infected with the NADL parent (data not 
shown). Growth properties of ACNR/NADL and the parent 
were compared after infection of MDBK cells at both low (0.1 
PFU/cell) and high (1.0 PFU/cell) multiplicity of infection 
(MOI). As is apparent from the experiment shown in Fig. 28, 
the kinetics of replication and the yield of infectious virus were 
similar for ACNR/NADL and the parental virus at both MOIs. 
The patterns of viral proteins were also compared by metabolic 
labeling between 20 and 24 h postinfection and imniunopre- 
cipitation with a BVDV-specilic polyclonal antiserum (Fig. 
2C). Identical patterns of virus-specific proteins were observed 
for both ACNR/NADL and the parent. Proteins indicated in 
Fig. 2C were identified not only by size but also by immuncv 
reaclivity with a panel of region-specific antisera (reference 36 
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FIG. 2. Conipanson of virus derived from pACNR/NADL ;ind \vi BVDV NADL. (A) Plaques were visualized by cnsial violel staining al 3 days postinfcclion 
(NADL) or posi-RNA iransfection (ACNR/NADL) as described in Maierials and Methods. The mock-transfected monolayer was treated the same as the transfected 
monolayer except that no RNA was present in the transfeclion mixture. (B) MDBK cells were Infected with either wt' NADL or ACNR/NADL at an MOI (as 
determined on MDBK monolayers) of either 0.1 or I PFU/cell. washed, and harvested ai ihe indicated times postinfection. Titers were determined bv plaque assay 
on MDBK monolayers as descnhed in Materials and Methods. (C) MDBK cells were mock infected or infected with wi NADL or ACNR/NADL at an MOI of I 
PFU/cell. At 20 h postinfection, proteins were labeled for 4 h with F.\pre-^-^S-^-^S label (NUN) and lysed. and BVDV^specific proteins were inimunoprecipitaied with a 
polyclonal anti-BVDV serum («49). Proteins were separated by SDS-PAGE (8% gel) and vi.sualizcd by tkiorography. Molecular mass markers are indicated ai the left: 
BVDV-spccihc proteins, identified by size and. in some cases, by inimunoreaciiviiy with region-specilic antisera (data not shown), are indicated at the right. 



and data not shown). Of note was the uncleaved NS2-3 species 
migrating at 125 kDa and the prominent SO-kDa NS3 cleavage 
product, which are characteristic of CP BVDV strains. The 
similar plaque morphology, cytopathogenlcily, growth proper- 
ties, and polyprotein processing patterns of ACNR/NADL and 
the BVDV NADL parent validated the use of pACNR/NADL 
for future molecular genetic studies. 

Deletion of cins abrogates processing ut the 2/3 site and NS3 
production, and produces replication-competent, non-CI* 
BVDV. Genome rearrangements and/or inserted sequences in 
CP isolates appear to be linked to processing al the 2/3 site, 
NS3 production, and cylopathogenicily. Although this hypoth- 
esis is supported by sequence comparisons of non-CP/CP pairs 
(17), it has been rigorously tested for only one CP isolate, CP7 
(16, 30) (see Discussion). To address this for the NADL strain, 
we constructed pACNR/clns~NADL in which the 270-base 
cIns was deleted. Al the deletion breakpoint, two silent nucle- 
otide changes were introduced to create a novel Apa\ restric- 
tion site,, which was used as an additional genetic marker for 
the deletion mutant (Fig. 1; see also Materials and Methods). 

Transfeclion of MDBK cells with RNA transcripts from 
linearized pACNR/clns"NADL template DNA did not induce 
CPE after 5 days at 37^, and these cells looked similar to 
mock-transfected control monolayers. In contrast, RNA tran- 
scribed from pACNR/NADL induced CPE after 24 h (data not 



shown). We could, however, readily delect ACNR/c!ns"NADL 
replication by immunostaining of foci by using a polyclonal 
anti-BVDV antiserum (Fig. 3A). Using an infectious center 
assay for electroporated MDBK cells (see Materials and Meth- 
ods) and this immunostaining protocol, we determined that 
RNA transcripts from pACNR/c!ns~NADL had a specific in- 
fectivity approaching that of pACNR/NADL (~S X 10" focus- 
forming units (FFU| per (xg of RNA). Low- and high-multi- 
plicity infection comparisons of ACNR/clns~NADL and 
ACNR/NADL (Fig. 3B) revealed similar growth kinetics and 
virus yields, with the non-CP derivative showing slightly faster 
replication and higher cumulative virus liters, which ap- 
pi-oached 10^ FFU/iiil. As seen in Fig. 3C, ACNR/clns"NADL 
did not induce CPE in cultures even al 50 h postinfection, 
when peak titers were reached, in contrast to ACNR/NADL 
and wt BVDV NADL. which had caused dramatic CPE by this 
time. 

To confirm the genomic structure of ACNR/cIns~NADL, 
we serially passaged the virus in MDBK celKs, each time incu- 
bating the resulting virus with RNase and DNase to avoid 
carryover of input transcript RNA and plasmid template DNA. 
Total cellular RNA, isolated al each passage, was used for 
amplification of a NS2-3 subregion that included the cIns lo- 
cus, and the resulting fragments were analyzed by agarose gel 
electrophoresis, either with or without digestion with Apa\ 
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FIG. 3. Virus lacking clns is non-CP. (A) MDBK cells were transfccted wiih RNA iriinscribcd Ironi linearized pAC.MR/clns~NADL temphnc DNA (ACNK/ 
cIns~NADL) or were mock ininsfeclcd (Mock), and (hen dilutions of transfected cells were assayed tor infecii»)us centers as described in Materials and Mcihods. l-oci 
were visualized after 3 days by inimunosiaining with polyclonal «49 serum as the primary antibody. (B) Viral growth analyses after low (0.1 PFU or FFU per cell)- or 
high (I PFU or FFU per cell)-MOI infection were conducted as described for Fig. 213. Tilers were determined by a standard plaque assay for CP ACNR/NADL 
(PFU/niilliliier) or a focus forming assay for non-CP ACNR/clns"NADL (FFU/niilliliier). The data shown represent one of three independent e.xperinienis yielding 
similar results. (C) Phase-contrast photomicrographs of MDBK cells either mock infected or infected with the indicated viruses (MOI of 0.1). Pictures were taken at 
50 h postinfection and correspond to the same cultures used for the growth analyses shown in panel B. 



(Fig. 4). As shown in Fig. 4, amplification of this region for the 
NADL parent and ACNR/NADL produced a fragment of 
1,082 bp (Fig. 4A) that was resislanl lo digestion by A pal (Fig. 
4B, lanes 5 lo 8). In contrast, amplification of both early (pas- 
sage I)- and late (passage 4)-passage RNA from ACNR/ 
cIns~NADL yielded the expected smaller 812-bp fragment 
that was susceptible to digestion by Apa\ (Fig. 4B, lanes I to 4). 

To examine protein processing in the NS2-3 region, MDBK 
cells were infected with the iNADL parent (ACNR/NADL) or 
ACNR/cIns~NADL and metabolically radiolabeled, and the 



NS3-related proteins were immunoprecipitated with an NS3- 
specific polyclonal rabbit antiserum. As shown in Fig. 5, both 
NS2-3 and NS3 were present in cells infected with NADL and 
ACNR/NADL (lanes 2 and 3), whereas only NS2-3 was found 
in ACNR/clns"NADL-infecled cells (lane 4). NS2-3 produced 
by ACNR/cIns""NADL migrated faster than thai produced 
by NADL and ACNR/NADL, presumably because of the 
cins deletion that shortens NS2-3 by 90 amino acids (-^10 
kDa). 

Parallel comparison of RNA. protein, and vims accumula- 
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A. 



Expected 
PCR fragment 



ACNR/ NADL ^ 

i E2 b^v\XVNS^ N:kXxX^^ ,082 bp 

1/ ^ 

ACNR/c lns-NADL ^ \* 

i E2 bt^^^^^^S 2.i^^:^^^^ 4-5-1 812 bp 



Apal 



Apal 

237 bp + 375 bp 



B. 



ACNRyclns-NADL ^ 



Passage : 
Apal: 



1 



9^ 



+ M 



bp 

» -1333 
» -107» 
' -«72 



^ -281/271 



riG. 4. Presence (it the Apal marker in virus derived from pACNR/ 
clns-NADL. (A) Diagram of the expeclcd RT-PCR fragments of ACNR/NADI. 
iind ACNR/cIns~NADL. Indicaied arc the location of cins (hiack box), the 
engineered.'l/Ml site, the primers used for R T-PCR (arrows), and the NS2 and 
NS3 coding regions (hatched boxes). The expected sizes of the RT-PCR products 
are given, as are the sizes of the two Apal digestion products for ACNR/ 
clns"NADL. (B) After infection (NADL) or iransfection (ACNR/NADL and 
ACNR/clns~NADL). virus was han'ested al 20 to 26 h (when the CP derivatives 
caused demonstrable CPE) as described in Materials and Methods. At each 
passage, the resulting virus was treated with DNase I and RNase A for 30 min at 
37''C before infection of new monolayers {(i.3 ml of undiluted virus stock per 
35-mni-diameter well). For the indicated passages. RNA from infected cells was 
used for RT-PCR and a portion of each amplification reaction was digested with 
Apal. Products were separated by electrophoresis on a 1.5% agarose gel and 
visualized by staining with ethidium bromide. During this analysis, we consis- 
tently obseived a small fraction of the RT-PCR product from ACNR/ 
clns-NADL which was resislani to digestion by Apal (even in vast enzyme 
excess; lane 4). Control experiments demonstrated that this resistant fraction was 
generated not during virus propagation but rather during the T7 transcription or 
reverse transcription steps (data nut shown). 



lion over time for ACNR/NADL unci ACNR/cIns-NADL re- 
vealed significantly higher levels of RNA for the CP virus than 
for its non-CP derivative (Fig. 6), whereas the analyzed pro- 
teins NS2-3 or NS3 and E2 (Fig, 7) as well as the virus tilers 
(Fig. 6 and 7) accumulated to similar levels. The RNA. pro- 
leinS; and virus titers shown in Fig. 6 and 7 were obtained in 
parallel from one single experiment and are representative of 
three identical experiments repeated independently. For viral 
RNA, Northern blotting and metabolic labeling yielded siinilar 
results (Fig. 6). As quantified by Molecular Imager analysis, 
the calculated ratio of ACNR/NADL to ACNR/cIns~NADL 
RNA was 3 (Fig. 6A and B) at 12 h postinfection and 5 (Fig. 
6A) or 8 (Fig. 6B) at IS h postinfection. 

These results demonstrate that cins modulates cleavage al 
the 2/3 site, NS3 production, and cytopathogenicity but does 
not have dramatic effects on synthesis of virus-specific proteins 
or virus yield. Remarkably, however, deletion of cIns resulted 
in significantly lower levels of viral RNA synthesis and accu- 
mulation. 




ID-NS2.3 



NS3 



FIG. 5. Deletion of cIns abrogates NS3 production. MDBK cells were mock 
infected or infected with the indicaied viruses at an MOI of 1 PFU/cell. At 20 h 
postinfection, monolayers were labeled for 4 h with Expre-'''S-^''S label (NEN) 
and lysed, and NS3-containing species were immunoprecipitated with a poly- 
clonal anli-NS3 serum (G40 [5|). Proteins were separated by SDS-P/\GE (S% 
gel) and visualized by Huorography. Molecular mass markers are indicated at the 
left: HVDV-specific proteins are indicated at the right. 



DISCUSSION 

In this work, we succeeded in constructing a functional 
BVDV NADL cDNA clone in a low-copy-number plasmid. 
Full-length RNAs transcribed by T7 polymerase from this 
cDNA template have the authentic viral 5'- and 3'-terminal 
sequences, are highly infectious for MDBK cells (>HT PFU/ 
fjig), and yield a virus that has pi'Operties similar to those of the 
BVDV NADL parent. This plasmid clone is stable when prop- 
agated in the SURE strain of E. coli. Recently, assembly of a 
full-length BVDV NADL clone in a high-copy-number plas- 
mid was reported by another group (34), Although infectious 
RNA could be transcribed from this template, the authors 
noted problems with plasmid transformation efliciency and 
stability and the production of lull-length RNA transcripts. 
Some of these difficulties mimic our earlier unsuccessful at- 
tempts to construct such clones in high- or medium-copy- 
number plasmids. These problems were alleviated when the 
pACYCI77 backbone was used. This plasmid had been used 
successfully for several other full-length pestivirus cDNAs (16, 
19, 27). The reason(s) for the observed toxic effects of pestivi- 
ral cDNAs in some E. coli strains remains to be determined, 
but similar problems have also been encountered for several 
members of the flavivirus genus (22, 25). 

The creation of a functional BVDV NADL cDNA clone 
allowed us to directly test the role of cIns in NS3 production 
and cytopathogenicity. Deletion of the 270-ba.se cIns element 
produced a viable non-CP virus, in which delectable cleavage 
al the 2/3 site and NS3 production were abolished. Similar 
results were recently reported for CP BVDV strain CP7, which 
contains a 27-base duplication of viral sequences in the NS2 
region (30). Using a vaccinia virus transient expression assay, 
deletion of this 27-base sequence eliminated cleavage at the 2/3 
site (30). Further studies demonstrated thai an isogenic deriv- 
ative lacking this insertion was non-CP (16). 

The mechanism(.s) by which cIns (NADL) or ihe 27-base 
(CP7) insertions in NS2 promote cleavage al the 2/3 site is 
unknown. Although the NS3 N terminus has yet to be pre- 
cisely determined for these strains, based on the similar 
apparent molecular masses of pestivirus NS3 proteins (10. 
1 1, 30) and the conserved Ub-NS3, N»"".NS3, and Mel-NS3 
junctions observed for other CP isolates, Gly-1590 (SD-I 
numbering [8, 9]) is the likely NS3 N-terminal residue. For 
NADL, this would imply that the 90-amino-acid cIns insertion, 
located 53 residues upstream of this Gly residue, somehow 
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FIG. 7. Levels of NS2-3, NS3. iind E2 in MDBK cells infected with ACNR/ 
NADL or ACNR/clns-NADL. MDBK cells were infected at an MOI of 2 with 
cithei ACNR/NADL (hincs I and 4) or ACNR/clns*-NADL {lanes 2 and 5) or 
were mock infected (lanes 3 and 6). using the same inocula and celt densities 
described for the experiment shown in Fig. 6. The cells were tysed at 12 h (lanes 
1 to 3) and IS h (lanes 4 to 6) postinfection (p.i.). and lysates from 3 X lO"^ cells 
were separated by SDS-PACiE (10% gel) and analyzed by Western blotting using 
a low-dilution mix of rabbit antisera C40 and D3i. specific for BVDV NS3 and 
E2, respectively. Molecular mass markers are indicated at the left. BVDV- 
specific proteins are indicated at the right. 
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Hours p.i. ilh 18h 

FIG. 6. Viral RNA accumulation in MDBK cells infected with ACNR/ 
NADL and ACNR/cIns"NADL. MDBK cells were infected at an MOJ of 2 with 
either ACNR/NADL (lanes 2 and 5) or ACNR/clns'NADL (lanes 3 and 6) or 
were mock infected (lanes 4 and 7). and total RNA was har\'ested 12 h (lanes 2 
to 4) and IS h (lanes 5 to 7) postinfection (p.i.). (A) For each sample, RNa\ from 
10'' cells wiis iinalyzed by Northern blotting using a ''-p-labeled RNA probe 
hybridizing to positi ve-.se nse viral RNA in the NS3 gene. (B) For direct analysis 
of total viral RNA accumulation, infected cells were metabolically labeled with 
|-'-P]orthophosphate between 6 and IS h postinfection in the presence of dacti- 
nomycin. Glyo.val-denalured RNA from 7 X lO"* cells harvested at 12 and 18 h 
postinfection was separated by agarose gel electrophoresis and visualized by 
X-ray autoradiography. Either unlabeled (A, lane I) or -"-P-iabeled (B, lane 1) 
transcripts of pACNR/NADL ser\'ed as size markers for full-length viral F^NA 
(12.5 kb). The virus titers at the time of RNA har\'est in the same e.Nperimenl are 
indicated. 



promotes cleavage al the 2/3 junction. In the case of CP7, the 
nine-residue insertion is located even further upstream of the 
putative 2/3 cleavage site. In addition to their difl'erent loca- 
tions in NS2. there is no obvious sequence similarity between 
the NADL and CP7 inserls. Whether ihey activate a cryptic 
autoprotease present in the NS2-3 region or change the con- 
formation of NS2-3 so as to render it susceptible to sile-specitic 
cleavage by a cellular enzyme remains to be determined (see 
references 29 and 36 for further discussion). Interestingly, in 
the absence of any inserted sequences or genome rearrange- 
ments, NS3 production occurs in cells infected with CSFV 
isolates (3, 33). 

The strongest correlate of pestivirus cylopathogenicity is 
NS3 production, which is accomplished by myriad diflerent 
strategies (17). Two groups have recently demonstrated thai 
cell death induced by CP BVDV infection occurs via apoptosis 
(13. 37). It is possible that NS3 acts as a direct eflector of 
apoptosis by somehow triggering cell death pathways. This is a 
plausible hypothesis given the obvious structural differences 
between NS2-3 and NS3, which could affect subcellular local- 
ization and interaction with host cell components, as previously 
discussed (35). Alternatively, cleavage at the 2/3 site (or NS3 



production) could upregulate BVDV RNA replication to a 
level that is deleterious for ho.st cells. In one model, viral RNA 
replication complexes might sequester cellular components 
present in limited quantities and required for maintaining ho- 
meostasis. In the case of BVDV NADL, increased numbers of 
replication complexes would then deplete such host factors to 
a level which triggers apoptosis. This model is consistent with 
our results, which demonstrate that RNA replication and ac- 
cumulation are enhanced in ACNR/NADL-infected cells com- 
pared to ACNR/cIns~NADL-infected cells. It will be of inter- 
est to examine other isogenic non-CP/CP pairs to determine 
the generality of this obser\'ation and its possible correlation 
with cytopathogenicity. 

In summary, genetic analyses of CP7 (16) and NADL (this 
report) have established that two distinct insertions in NS2 can 
regulate processing at the 2/3 site, NS3 production, and cyto- 
pathogenicity in cell culture. Such isogenic non-CP/CP pairs 
should be valuable for additional .studies aimed at answering 
key questions in pestivirus biology. Examples include (i) defin- 
ing the mechanism(s) of cleavage at the 2/3 site, including the 
responsible protease(s); (ii) establishing the pathway linking 
NS3 production to cytopathogenicity; and (iii) testing the hy- 
pothesis that CP strains with these insertions are sufficient to 
cause MD in animals persistently infected with the isogenic 
non-CP derivative. 
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Japanese encephalitis virus (JEV) is a common agent of viral encephalitis that causes high mortality and 
morbidity among children. Molecular genetic studies of JEV are hampered by the lack of a genetically stable 
full-length infectious JEV cDNA clone. We describe here the development of such a clone. A JEV isolate was 
fully sequenced, and then its full-length cDNA was cloned into a bacterial artifieial chromosome. This was then 
further engineered so that transcription of the cDNA in vitro would generate synthetic RNAs with authentic 5' 
and 3' ends. The synthetic RNAs thus produced were highly infectious in susceptible cells (> 10^ PFU/fxg), and 
these cells rapidly generated a high titer of synthetic viruses (>5 x 10*^ PFU/ml). The recovered viruses were 
indistinguishable from the parental virus in terms of plaque morphology, growth kinetics, RNA accumulation, 
protein expression, and cytopathogenicity. Signihcantly, the structural and functional integrity of the cDNA 
was maintained even after 180 generations of growth in Escherichia coli. A single point mutation acting as a 
genetic marker was introduced into the cDNA and was found in the genome of the recovered virus, indicating 
that the cONA can be manipulated. Furthermore, we showed that JEV is an attractive vector for the expression 
of heterologous genes in a wide variety of cell types. This novel reverse genetics system for JEV will greatly 
facilitate research into JEV biolog>'. It will also be useful as a heterologous gene expression vector and will aid 
the development of a vaccine against JEV. 



Research investigating positive-sense RNA viruses has been 
considerably advanced by the development of the reverse ge- 
netics system. Here, infectious cDNA clones of the viral ge- 
nome in question are constructed and become the templates 
for infectious RNA synthesis that generates synthetic viruses. 
In the" classical RNA-launched approach, cells are transfected 
with RNA transcripts made from the infectious cDNA clones, 
and the synthetic viruses are then recovered from these cells 
(18, 29, 30, 32, 43). However, an alternative DNA-launched 
approach also exists. This approach was first reported lor po- 
liovirus (27) and has been adapted for alphaviruses (34). Here, 
synthetic viruses are generated by directly transfecting infec- 
tious cDNA clones into susceptible cells. Both of these ap- 
proaches have been used to construct infectious cDNA clones 
for many positive-sense RNA virus families, including corona- 
viruses, which have the largest RNA genomes (2). These clones 
have been invaluable in addressing many questions regarding 
the positive-sense RNA viruses. However, the construction of 
a full-length infectious cDNA clone for Japanese encephalitis 
virus (JEV) has been hampered, largely because of the genetic 
instability of the cloned cDNA. Despite extensive efforts (23, 
38, 39, 51), a genetically stable full-length infectious cDNA 
molecular clone for JEV does not exist. 

JEV is a member of the Flaviviridae family and is transmitted 
by mosquitoes. It is an important human pathogen that causes 
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permanent neuropsychiatric sequelae and even fatal disease, 
especially in children (37, 40, 4J). Transmission of the virus has 
recently been obser\'ed in the southern hemisphere, indicating 
that this virus could become a worldwide public health threat 
(12, 13, 20). From its genome structure, which is similar to that 
of other llaviviruses, JEV is a small-enveloped virus with a 
single-stranded, positive-sense RNA genome approximately \ 1 
kb in length. The genome contains a single long open reading 
frame (ORE) Hanked by 5' and 3' nontranslated regions (NTRs) 
that are important m-acting elements for viral replication. The 
RNA genome has a type I cap structure at its 5' terminus but 
lacks a poly(A) tail at its 3' terminus. The ORF is translated 
into a large polyprotein that is co- or posttranslationally pro- 
cessed into three structural and seven nonstructural proteins 
whose genes are arranged in the genome as follows: C-prM- 
E-NSi-NS2A.NS2B-NS3-NS4A-NS4B-NS5 (7, 19, 45). Fur- 
ther information, for example, on the function of the majority 
of the JEV gene products and the molecular mechanisms in- 
volved in JEV replication, neurovirulence, and pathogenesis, is 
limited largely because of the lack of a reliable reverse genetics 
system. 

Here we report the JEV reverse genetics system that we 
have developed. We showed that in vitro transcription of the 
full-length cDNA produces synthetic RNAs that, when trans- 
fected into susceptible BHK-21 cells, have a specific infeclivity 
exceeding 10^' PFU/p-g. Synthetic JEVs recovered from the 
culture supernatant of the transfected cells 24 h posttransfec- 
tion exceeded 5 x H/' PFU/ml. The recovered viruses were 
similar to the parent in terms of plaque morphology, growth 
kinetics, RNA accumulation, protein expression, and cyto- 
pathogenicity. A genetic marker, a single point mutation that 
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TABLE I. Oligonucleoiides used for ligation, cDNA synthesis, and PGR amplification 



OMgonuclcotidc 


Sc(|Licnc'L*' 


Position 


Polarity 


Jl 


5'-GATCCTG rCnClTCCTCACC 


10947-10967 


Antisense 


J2 


5 -ACAAGATCTCCCAGTCTArrCCCA 


10870-10893 


Antiscnse 


J3 


5 -G ATITAATTA ACACC TCC TCrACAGCn CG 


10795-10813 


Ant isense 


J4 


5 -AGGACGCG TAGTG TCCG'ITGT 


S 150-8 170 


Anlise nse 


J6 


5 -CCCCCTACG ACCAG AACCACC 




AntKprKf* 

r\l 1 11 obi lot 


J7 


5 -AGCGCTAAGACl GGCATG 


3986-4003 


Antiscnse 


J8 


5'-GATCGGACCGAGAAGnTATClGTGrCA 


1-18 


Sense 


J12 


5'-GATCGGACCGAA'lTCCACCACAGCCAC 


7565-758^ 


Sense 


J20 


S'-AAACCAGGGACCTIGGCA 


3266-3283 


Sense 


J3I 


5 -GGCTGTG GG CCCAC n GT 


8821 -8838 


Sense 


J35 


5 ' -AG C AACCTGG GCTG AG AA 


10259-10^76 


Sense 


J39 


5'-CCCACTAGTGGGAATACG 


l()4_lgl 


/All USCI IdC 


J40 


5 -AAACGTACTGGTCC TC TG 


215-232 




J41 


5 -TCCGTGG AATGAACAATG 


1791 1-17928 


Sense 


J42 


5 '-GAGAACTTIATCl GTGTG 


1-17 




J43 


5 -ACAG ATAAACn C iCTATAGTGTCCCCTA A 


1-14 


AiitKf'n««p 

r\ 1 1 \ lAv Hot 


J45 


5'-AGTACTAGTCGGTCCGCGGCCGCrCGAGATCCTGTCrrC'IT 


10954-10968 


Antise use 


J46 


5 ' - AGTACTAGTCG GTCCG CG G CCG CTCTAG AG ATCCTGTGTrCTr 


10954-I096S 


Aiiti*cprKP 

i\ 111 1 1 ot 


J47 


5 ' -CCAAAGCn CAAAC rCAAGATACC 


9P7-9150 


Ant i^ki'* n 

1 \ lot 1 lot 


J4S 


5'-ACTGAGCTCACGCGTCC!CGAGATGAC 


8162-8179 


Sense 


J 72 


5'-GAAGGTACCCCATrGTATGG 






J 73 


5 ' -TTCTCCTTT ACCC ATG GTTGTG G C A AC CTT 






J 74 


5'-ATGCGTAAAGGAGAACAA 






J 75 


5 -AACATCCATTCATTAACCCTCCACTGCAGA 






J 76 


5 ' -TTTG CCCTCTTCC ATG GTTCTC C C A AC CTT 






J 77 


5 ' - ATG G A AG ACC CCA A A A AC 






J 78 


5'-CTTAAGATGCATTCATTACACGGCGATCTT 






J SO 


5 ' -ACAG A 1 A/VAC nCTCTATAGTG AGTCGTAT 


1-14 


Antiscnse 


JSI 


5 ' -TcrrocccG cctg atg a a 






JS2 


5'-GCCCATGG TAAGC n AGG 


636-653 


Antisense 


J89 


5 ' -TG C riTG G CC ri C ITG GCC AC 


2417-2437 


Sense 


J90 


5 - n GAGGCCCCCACGGCCCAA 


10687-10706 


Sense 


J91 


5' ACCCGCATAn CTGTGATCCGTGG n CCAG 


5566-5575,5659-5678 


Antisense 


J92 


5 -ACAGAATATGCGGGTAAA 


5664-5681 


Sense 


J93 


5'-AGCTAACGGCCGATGTCrn C 


6457-6477 


Antisense 


T 


5'-CCAGTCTTGTGGCCTGCAGGGCGAATT 






TR 


5 -GATGAATTCGCCCTGCAGGCCACAACA 







" JEV-spcci(ic sequences are shown in bolcHuce type. Reslriclion enzyme recognition sites used lor cDNA cloning are underlined. 
Nucleotide position relers to the complete nucleotide sequence of pBAC'^'"'VJVI-L\/A7j«l. 



had been introduced into the infectious cDNA, was obsetved 
in the genome of the recovered virus. Most significantly, the 
infectious bacterial artificial chroniosome (BAG) remained ge- 
netically stable even after ISO generations of serial growth in 
Esclienchia coli. Furthermore, foreign genes engineered into 
the JEV cDNA were expressed as genomic RNA transcripts, 
indicating that JEV could be exploited as a eukar)'otic expres- 
sion vector. Thus, we have established a reverse genetics sys- 
tem for JEV thai will be a useful tool for many areas of 
biological research. 

maiI':kials and mki hods 

Cell lines and viruses. BHK-21 cells were maintained in alpha minimal essen- 
tial medium (MEM) supplemented with H)% fetal bovine scrum, 2 mM i.- 
glulamine, vitamins, and antibiotics. All reagents used in cell culture were pur- 
chased from Gibco-BRL IJfc Technologies. Inc., Gaiihersburg, Md. The Korean 
JEV strain KS7P39 (8) was obtained from the Korean National Institute of 
Health. This isolate was isolated from wild mosquitoes in Korea in 1987 and 
underwent five pa.ssages in suckling mouse brains. The YFI7D yellow fever virus 
strain was generated from the infectious cDNA pACNR/YFI7D by SP6 poly- 
merase runofl* transcription as described ItcIow. 

Isolation of viruses by plaque purification. Cells infected with the JIEV 
K87P.19 strain were overlaid with MEM containing 10% fetal bovine serum and 
0.5% SeaKem LE agarose (FMC BioProducls, Rockland, Maine) and incubated 



for 3 to 4 days. Individual plaques were picked with sterile Pasteur pipettes and 
resuspended in 1 ml of medium. Viruses were eluted from the agarose at 4''C for 
2 h. The eluale was amplified only once in BHK-21 cells and stored at -iSO^C 
until use. 

Complete nucleotide sequence analysis of JEV genomic RNA. Viral genomic 
KNA was extracted from KiO jjlI of virus-containing culture iUiid with 3()t) p.! of 
Trizol LS reagent as recommended by the manufacturer (Cibco-BRL) and then 
resuspended in 2t) jjlI of RNase-free water. 'I o analyx.e the complete nucleotide 
sequence of the viral genomic RNA, three overlapping cDNAs (JVF, JVM, and 
JVR) representing the entire viral RNA genome apart from the 3'-terminal 
sequences were amplified by long reverse transcription {RT)-PCR as illustrated 
in Fig. 2. Oligonucleotides used lor cDNA synthesis and amplification were 
designed according to the consensus sequence of all 16 fully sequenced JEV 
RNA genomes available from the CcnBank database [CH2l95l-/\. CH2iy5SA, 
FU. C.P7.S. HVI, JaOArOl, JaGArS9S2, K94PfJ5, Vellore P2()77S. p3, SA(A). 
SA(V), SAI4, SA14-I4-2. TC and TL strains) (Table I). 

For JVF amplicons (nucleotides |nt] I to 3S65), primer J7, complementary to 
nt 39i>6 to 4003 of the JEV genome, was used for cDNA synthesis. The primers 
for PGR amplification were primer J8, complementarx' to nt I to li>, and primer 
Jb, complementary to nt 3S45 to 3865. For JVM amplicons (nt 3266 to 8170), 
primer J4, complementar>' to nt 8150 to 8170, was used for cDNA synthesis. The 
primers for PCR amplification were primer J2tJ, compIemeniar\' to nt 3266 to 
3283, and primer J4. For JVR amplicons (nt 7565 to lf)893), primer J I. comple- 
mentarj' to nt 10947 to 10967. was used for cDNA synthesis. The primers for 
PCR amplification were primer J 12, complement ar\' to nt 7565 to 7582, and 
primer J2. complementar\' to nt 10870 to 111893. 

The standard RT reaction was conducted in a 20-ji.l reaction mixture contain- 
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ing 10 of cximctcd vim! RNA, 5 pmol of ihc iippropriiiic primer. H)() U of 
Superscript II RT (Gibco-BRL), 40 U of RNiJseOU T (Gibco-BRL), I). I mM 
clithiolhreiiol (DTI ). 10 mM deoxyiuick-osiclc triphosphate mix, :ind the RT 
buffer supplied by the manufacturer (Gihco-BRL). The reaction mixture was 
incubated at 37°C for I h and then heated at lifC for 15 min. A aliquot of 
the RT mixture was subsequently used for PGR amplification with Pyrobest 
ONA polymerase (Takara Bio Inc.. Shiga, Japan) and the appropriate primer 
pair. The PCRs were pertbrmed with 30 cycles of denaluration at 94'C for 30 s, 
annealing at OO^C for 3t) s. and extension at ll^C for 5 min, followed by a final 
extension step at 72^C for 10 min. 

To sequence the 3 '-terminal sequences, a synthetic oligodeoxyribonucleolide 
T was ligated to the 3' end of the viral genomic RNA to provide a primer-binding 
site for cDNA synthesis and PGR amplification as previously described (17). The 
3' end of oligonucleotide T was first modified by incorporating ddATP with 
terminal deoxynucleotidyl transferase (Takara), which blocks the intramolecular 
and intermolecular ligation of oligonucleotide T. The 5' end of oligonucleotide 
T was also phosphorylated with T4 polynucleotide kinase (Takara). Thereafter, 
the modified oligonucleotide T was ligated to the 3' end of the viral genomic 
RNA by T4 RNA ligase (New England Biolabs. Inc., Beverly. Mass.). The 
ligation reaction mixture (20 [xl) contained 10 U of T4 RNA ligase, 40 U of 
RNaseOUT, II) pmol of oligonucleotide T. viral genomic RNA. and the bulfer 
supplied by the manulacturer (NEB). After incubation at 16X for 12 h, the 
ligated viral RNA was phenol extracted, precipitated with elhanol, and resiis- 
pended with 20 jxl of RNase-free water. 

Subsequently, half of the oligoiuicleotide-ligaled viral RNA was used for 
cDNA synthesis with oligonucleotide PR. which is complementary to oligonu- 
cleotide T. as previously described. First-strand cDNA was amplified with primer 
.135. complementary to nt 10259 to 10276. and primer 1R. For PGR. one quarter 
of the RT reaction mix was amplified with Pyrobesi DNA polymerase and 30 
cycles of .">0 s at 94°G. 30 s at 6()°G. and I min at 72°G, followed by a (inal 
extension of 10 min at 72°G. The PGR mixtures were as described above. cDNA 
ampi icons were cloned into the pRS2 vector with A///kIII1 and tVoRI sites 
incorporated in the positi\'e-sense and negative-sense primers, respectively. 

The 5 '-terminal sequence was determined by .self-ligation of viral RNA (5). 
The cap structure of viral genomic RNA was first cleaved olf with tobacco acid 
pyrophosphatase. The cleavage reaction mixtiue (20 fil) contained 10 U of 
tobacco acid pyrophosphaia.se (Epicentre Technology Co.. Madison, Wis ), 10 |jlI 
of viral RNA, and the bulVer supplied by the manufacturer (Epicentre Technol- 
ogy Co.). After incubation at 37°G for 1 h. the tobacco acid pyropho.sphata.se- 
irealed viral RNA was subjected to phenol extraction and ethanol precipitation 
and resuspended with 20 |xl of RNase-free water. Half of the decapped viral 
RNA was self-ligated in a 20-^-1 reaction mixture with T4 RNA ligase as de- 
scribed above. A quarter of the self-ligated viral RNA was used for cDNA 
synthesis with primer .140. complementary to nl 215 to 232. First-strand cDNA 
was PGR amplified with primer .1.19. which is complementary to ni 164 to LSI, 
and primer J35. cDNA nmplicons were digested whh Apo\ and Spe\ and ligated 
into the pRS2 vector which had been digested with Apo] and Xha\, leading to 
construct pRS2/JV3'5'. 

Complete nucleotide sequence analysis was carried out by directly sequencing 
the cDNA amplicons representing the entire viral genome of JEV and the 
individual clones inserted into pRS2 vectors with an automatic 37((0 DNA se- 
quencer. 

Cunstruction of t'ull-lenglh inl'ectii)us cUNAs for JEV. I^ecomhinant DNA 
techniques were used according to standard procedures (31). Three overlapping 
cDNA amplicons (JVF. JVM. and JVR) originally used for complete nucleotide 
sequence analysis were first subcloned into pBAC/SV, a derivative of the 
pBeloBAClI plasmid (S.-I. Yun and Y.-M. Lee. unpublished data). The 
pBAC/SV plasmid contains the4yi-bp A'o/l-.^«/ll (14 DNA polymerase-treated) 
fragment of pACNR/NADL (21), the y,2l5-bp Sac\ (T4 DN'A polymerase- 
lreated)-5j/?l (T4 DNA polymerase-treated) fragment of pSINrep 19 (10). and 
the 6,875-bp Sfi\ (T4 DNA polymerase-lreated)-A'o/l fragment of pBeloBACi !. 
Thus, the 3,863-bp /far! I->1itI 1 fragment of the JVF amplicons, the 4,7 1 7-bp iispE 
\'Mlu\ fragment of the JVM amplicons. and the 3,326-bp /^/il-%/11 fragment of 
the JVR amplicons were inserted into the pBAC/SV plasmid which had been 
digested with the same enzymes. This led to the pBAQJVF, pBAOJVM, and 
pBAC/JVR subclone constructs, respectively. The.se BAG plasmids were grown 
in E. coli DHIOB cells and sequenced. The nucleotide sequences of the cloned 
cDNAs were identical to that of CNU/LP2 with the exception of a point muta- 
tion, l*^**-* C (silent), within the NS5 gene in pBAC/JVR. The T***""'— C 
substitution was corrected by recloning a 315-hp /l/>«l-/y//idlll fragment corre- 
sponding to ni 8827 to 9142, leading to the construct pBAC/JVRR. 

To facilitate the precise adjoining of the bacteriophage SP6 promoter tran- 
scription start to the 5' end of the full-length JEV cDNA. pBAC/JVF was 



modified. Two fragments were first isolated by PGR of pBAC/SV with primer J4I 
and primer J43, which incorporates the negative-sense sequence of the SP6 
promoter and PGR of pBAG/JVF with primers J42 and J4(). These two fragments 
were fused by a second round of PGR with primers J41 and J4(). The resulting 
amplicons were digested with Pac\ and rme\ and ligated with pBAG/J VF which 
had been digested with the same two enzymes. This produced pBAC^''^VJ VF. 

To generate an authentic or nearly authentic 3' terminus during runoff tran- 
scription of plasmid linearized at the 3' end of the viral genome, we modified 
pBAG/JVRR so that the nucleotide sequence of the authentic 3' terminus was 
followed by a unique restriction endonuclease recognition site, either Xhol or 
y\'ha\. To create the pBAC/J VRR/A7/ol subclone containing a unique Xhol site at 
the end of the viral genome, fragment I was synthesized by PGR amplification of 
pRS2/JV3'5' with primer J90 and primer J45, which incorporates an Xhol site 
(Table I; underlined). The 298- bp 5/i I I portion of fragment I amplicons was 
ligated with pBAG/JVRR which had been digested with Sp\ and Nlw\. To create 
pBAC/J VRRx/A7;^/l, which has an Xba] site at the end of the viral genome, the 
existing A'/>« I site at nt 9131 to 9136 within the NS5 gene was first inactivated by 
introducing a silent point mutation (A*" '"'^ — T) by PGR. Flere, pBAG/JVRR was 
amplified with primer J3I and primer J47. which incorporated the A*''-^*' -* T 
substitution. The 315-bp /l/;i'/I-/7//idlII portion of the cDNA amplicons, corre- 
sponding to nt 8828 to 9143, was cloned into pBAC/JVRR. leading to the 
construct pBAG/JVRRx. Subsequently. pBAC/J VRR,\/A7jrtl was constructed in 
the .same manner as described for pBAC7J VRR/A7wl. Thus, fragment II was 
obtained by PGR amplification of pRS2/J V3'5' with primer J90 and primer J46. 
which incorporated an A7;«l site (Table 1; underlined). The 298-bp SJil-Spcl 
portion of the fragment II amplicons was tlien ligated into pBAG/JVRRx which 
had been digested with SJi\ and Nhel. To create pBAG/J VRR.\/A7fol containing 
ii unique Xhol site and the A'"-^**^ T substitution, the 298-bp Sjil-Spel portion 
of fragment I amplicons was ligated into pBAC/J VRRx which had been digested 
with SJil and Nlicl. 

Thus, we constructed five plasmids, pBAG-^''7J VF, pBAC/J VM. pBAG/J VRR/ 
A7;ol. pBAC/JVRR.x/A7;«l. and pBAG/J VRR.\/A7jol. These contained contiguous 
regions of the JEV genome and could now be used to assemble three ditferent 
full-length JEV cDNAs, as illustrated in Fig. 3. First, the pBAG^^'''yj VFM sub- 
clone was constructed by ligaiing together the 4.71 7-bp BspHl-Mln] fragment of 
pBAG/JVM. the 8,97()-bp BspEl-Xbal fragment of pBAG^''^VJ VF, and the 
3.670-bp A7;rtI-yV///<| fragment of pBAG/SV. Sub.sequently. two fragments of 
pBAG^^'yjVFM (the 8.142-bp Facl-Sapl fragment and the 4,80 1 -bp rac\-Bsi G\ 
fragment) were ligated with either (i) the 5.620-bp Sapl-BsiGl fragment of 
pBAG/JVRR/A7wI to generate pBAG^'^'Vl VFI7A7jol. (ii) the 5.622-bp Sap\- 
Bsi-Gl fragment of pBAC/J VRR.\/A7x/I to generate pBAC'^^'^'VJ VFL\/A7?rtl, or 
(iii) the 5.62()-bp Sap\-Bsf<M fragment of pBAG/J VRR.\/.\7wl to generate 
pl3AG'^''"/JVFL\/A7jol. 

In addition to the SP6-driven JEV cDNAs, we also constructed a set of three 
'T7-driven full-length cDNAs. A fragment from pBAG/NADLclns"/PAG (Y.-M. 
Lee and G. M. Rice, unpublished data) was first synthesized by PGR with the 
primers J8I and J80. A fragment from pBAC''^''^'/J VFL.\/A7ml was al.so synthe- 
sized with the primers J42 and J82. These two fragments were fused by a second 
round of PCR with the primers JSl and J82. The 793-bp EcoRl-Spcl fragment of 
the resulting amplicons was inserted into the pRS2 vector digested with EcoRl 
and-\7w/l. leading to the construct pRS2 '"^/5'J V. 'The 675-bp /'i7/l-/V?;6'l fragment 
of pRS2''"75'JV was ligated with either (i) the 18.364-bp Bacl-huel fragment of 
pBAG''''*"/JVFIJA7;^>I lo create pBAC'^/J VFLAViol, (ii) the KS,364-bp Fad- 
hneX fragment of pBAC^'''VJ VFL\/A7wl to create pBAC''"VJVFL.\/A7joI. or (iii) 
the 18,366-bp PacX-hm'X fragment of pBAC^'*7JVFL.\/A77rtl to create pBAC^'/ 
JVFL\/A7;«I. 

Mutagenesis nf full-length infectious J ICY cDNA and insertion of foreign 
genes. The point mutation A'*'"-^ G (silent) was placed inside the NS5 gene in 
pBAG-'^'*'VJVFLx/A7;«l by PGR-based site-directed mutagenesis to generate 
pBAG^'''VJVFLx/gm/.\7?rtl (see Fig. 6A). The point mutation resulted in the 
acquisition of a unique AViol restriction endonuclease recognition site. A frag- 
ment from pBAG''^*'7J VFLv/AVwl was first generated by PCR with primer J48, in 
which the Xho\ site (Table I: underlined) was created by the A*""^ C substi- 
tution ('lable I; bold), and primer J3. The 665-bp Mhil-Apal fragment of the 
resulting amplicons was then ligated with the 4,802-bp Apa\-BsrG\ and the 
5,874-bp Bsi-Q\'Mlu\ fragments of pBAC^'*'VJVFLx/A7w/I. resulting in the 
pBAC^'^'VJ VFL\/gm/A'fta 1 construct. 

To generate the pBAC^''7JVFLv/LUC/A7Ml construct (Fig. 8A), a fragment 
of pBAC'''^'yJVFIjc/A7Ml was amplilied with primers J72 and J76. A fragment 
was also amplified from pACNR/NADUhr/lucifenise (Y.-M. Lee and C. M. 
Rice, unpublished data) with primers J 77 and J 78. 'I'hese two fragments were 
then fused by a second round of PCR with primers J72 and J78. The l,8()l-bp 
Kpn\'Nsi\ fragment of the resulting amplicons was then ligated with the 8,01 1 -bp 
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,\'si\-racl and [ im\-bp hic\-Kp>il rragmenis ol' pBAC'"*7J VFL\/A7wL Iciiding 

lo pBAC^^'VJ VFLx/LUC/A77^/ 1 . 

To cre;ile the pBAC^'^^J VFL\/CFP/A7mI construct (sec Fig. 8A). ;i tragmcni 
Irom pBAC^'''yjVFl.x/l.UC/A7)^/l was amplified by PCR with the primers .172 
and J73. A Cragment was also amplified from pRSCFP-CI with the primers J74 
and J 75. The.se two fragments were fused by a second round of PCR with the 
primers J 72 and J75. The 9l."vbp Kj)n\'i\'si\ fragment of the resulting amplicons 
was then ligated with the S.OI l-bp i\'si\-F(u \ and 1 L021-bp Pac\-Kpn\ fragmenls 
of pRAC^''7JVFLx/LUC/A7>«K resulling in ihe pBAC^''7JVFLx/GFP/A7.?f/l con- 
struct. 

To generate pBAO^'''7JVFLx/LUC'"^^'-/A7;f/l (see Fig. SA), which contains 
an S.Vnucleotide deletion (nt 3581 to 5663) in the middle of the NS3 gene that 
results in premature termination of viral translation at nt 5596, a fragment of 
pBAe^'''yjVFLx/LUC/A7x/l was ampiilied with primers J89 and jyi. A fragment 
was also amplified from pBAC'^^'^'/J VFLx/LUC/A7>rt I with primers J92 and J93. 
These two fragmenls were then fused by a second round of PCR with primers J89 
and J93. The 3,96()-bp Sp]-Iiai>\ fragment of the resulting amplicons was then 
ligated with the 6,493-bp Z:V/i'!-5y?l and l(),297-bp .S'/iF.Sy/l fragmenls of pBAC^^'^V 
JVFLx/LUC/A7?rtL leading to pBAC^'''"/.! VFLx/LUC'^^''-/A7mI. 

Transcriptions and transt'ections. RNA transcripts were synthesized by in 
vitro iran.scriplion. Mere. KJO to 2(}() ng of the template DNA linearized with 
A7joI or A7;rtl digestion and in .some cases modil'ied with mung bean nuclease was 
added lo a 25-|j.t reaction mixture consisting of the bulVer supplied by the 
manufacturer (Gibco-BRL) plus 0.6 mM cap analog | m^G(5')ppp(5')A or 
m'G(5')ppp{5')G; NEB Inc.]. 0.5 |xM ['MjUTP (1.0 mCi/mi. 50 Ci/mmol; New 
England Nuclear Corp.. Boston. Mass.). 10 mM DTE I mM each UTP, GTP, 
CTP. and ATP. 40 U of RNaseOUT, and 15 U of SP6 RNA polymerase (Gibco- 
BRE). The reaction mixtures were incubated at 37°C for 1 h. RNAs were 
tiuanlilted on the basis of [•^l lJU i P incorporation as measined by I^NA adsorp- 
tion lo DE-81 (Whatman. Maidstone. United Kingdom) filler paper (31). A 1- lo 
1.5-|jl1 aliquot of reaction mixture was examined by agarose gel electrophoresis, 
and alitjuots were stored at -<SO°C until use. 

For RNA transfection. cells were eleclroporated with synthetic RNAs with a 
model ECM 830 electroporator (BTX Inc., San Diego, Calif.) as recommended 
by the manufacturer. BrieMy, subconfluent cells were trypsinized, washed three 
limes with ice-cold RNase-free phosphate-buffered saline (PBS), and resus- 
pended at a density of 2 X 10 '^cells/ml in PBS. A 400-|j1 aliquot of the suspension 
was mi.xcd with 2 |i.g of synthetic RNA, and the cells were immediately eleclro- 
porated under the conditions determined previously lo be optimal (980 V, 99-^,8 
pulse length, and five pulses). The eleclroporated mixture was then transferred 
to 10 ml of fresh medium. 

An infectious center assay was used lo quantify the specific infeclivily of ihe 
synthetic RNA. The eleclroporated ceils were serially diluted 10-fold and plated 
on monolayers of uniransfected cells (5 x l(P) in a si.x-well plate. Cells were 
allowed lo attach to the plate for 6 h, after which they were overlaid with O.^?^ 
SeaKem LE agarose-containing MEM as described above. The plates were 
incubated for 3 to 4 days at 37''C with 5% CO-, and infectious plaque centers 
were visualized by crystal violet staining. 

Western blot iinulysis. Ceils (3 X 10*'^) were lysed with 200 (jlI of sample loading 
butfer [80 mM Tri-HCI (pH 6.8), 2.0% sodium dodecyl sulfate (SOS), W9r 
glycerol, 0.1 M DTI'. 0.2% bromopheno! blue], and one-tenth of the lysale was 
boiled for 5 min and fractionated on an SDS-polyacryl amide gel. Proteins were 
transferred electrophoretically onto a methanol-activated polyvinylidene diiluo- 
ride membrane with a Trans-Blot SD electrophoretic transfer cell machine 
(Bio-Rad Laboratories Inc., Mercules. Calif.), and the membrane was blocked at 
room temperature for I h with 5% nonfat dried milk in washing solution (0.2% 
Tween 20 in PBS). After three washes with washing solution, membranes were 
incubated at room temperature for 2 h with either a monoclonal antiaciin 
antibody (A47(X)) that recognizes the epitope consened in the C terminus of till 
aclin isoforms (Sigma, St. Louis, Mo.) or mou.se hyperimmune ascites fluid 
.specific for JEV (ATCC VR-l25yAF; American Type Culture Collection). The 
membranes were then washed three times with washing solution and incubated 
at room temperature for 2 h with alkaline phosphatase-conjugated goat anii- 
mousc immunoglobulin G (Jackson Immuno Research Labs Inc., West Grove, 
Pa.). The membranes were washed three times with washing solution and once 
with PBS. Actin and JEV protein bands were visuahzed by incubation with the 
substrates 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium. 

Nurthcrn blot analysis. Total RNA was extracted from infected BHK-21 cells 
(3 X with I ml of I rizol reagent (Gibco-BRL). One-third of the RNA was 
analyzed for JEV-specific RNA by Northern blot analysis as described elsewhere 
(31). Briefly, the RNA was elecirophoresed in denaturing 2.2 M formalde- 
hyde- 1 % agarose gels and transferred onto nylon membranes (Amersham Bio- 
•Sciences Inc., Piscataway. N.J. ). The RNA on the membranes was cross-linked by 



irradiation with a 254-nm light source (Slraialinker UV cro.ss-linker; Slralagene, 
Ea Jolia, Calif.), and the JEV-spccilic RNAs were detected by hybridization with 
a ('-P]CTP-labelcd aniiscn.se riboprobe that binds lo nt 9143 to 9351 of the JEV 
genome. {This probe had been synthesized by in viiro transcription from the 
/imjil-il-linearized cDNA clone pGEM3Zf(-f )/J V9 143, which was constructed by 
ligaling ihc 209-bp ////k111I-.S«cI fragment of pBAC^'''VJVFE.\/A7Ml with 
pCiEM3Zf(-r) digested with the same enzymes. This clone was transcribed with 
the n-MEGA.script kil (Ambion, Austin, Tex.) as recommended by the manu- 
facturer with a 20-^1 reaction mixture containing 3.12 \xM [n-'^-pJCTP (yOO 
Ci/mmol; Amersham). After being treated with DNase I, the reaction mixture 
was spun in a Quick Spin G-50 Sephadex column (Boehringer Mannheim) to 
remove unincorporated ribonucleoside lripho.sphates. 

The membrane was prehybridized at 55°C for 6 h in hybridization solution [5x 
SSPE (0.9 M NaCL 50 mM NaH.PO^, and 5 mM EDTA. pH 7.7), 5x Denhardi s 
reagent. 0.5% SDS, 100 i^Lg of denatured salmon sperm DNA per ml. 50% 
formamide] and then incubated at 55°C overnight in the hybridization solution 
containing 10'' cpm of the labeled riboprobe. The membrane was washed three 
limes at 55°C for 10 min with I x SSPE-0.5% SDS and once for 10 min with 0.1 X 
SSPE-0.5% SDS. Viral RNA bands were visualized by autoradiography and 
quantified with a Molecular Imager (Bio-Rad). 

Direct immunofluorescence. To examine JEV expression in Infected BHK-2! 
cells by confocal microscopy, cells (2 x MP) were seeded in a four-well chamber 
slide, incubated for 12 h. and then mock-infccicd or infected at a multiplicity of 
infection of 1 for 18 h with either the original JEV KS7P39 strain, the JEV 
CNU/LP2 isolate, or the YF17D strain. Imnuinosiaining for JEV viral proteins 
was accomplished by first fixing ihe cells by incubation in PBS containing 0.37%; 
(vol/vol) formaldehyde for 30 min at 25°C. The cells were tiien waslied three 
limes with PBS and permeabilized for 10 min at 37°Cwiih PBS containing 0.2%. 
(vol/vol) Triton X-IOO. Thereafter, the cells were washed four limes with PBS, 
rehydrated in PBS for 15 min, and blocked for 1 h ai 37°C with PBS containing 
5% (wt/vol) bovine serum albumin. I he cells were then incubated for 2 h at 25°C 
with l:500-diluted mouse hyperimmune ascites Ihiid specific for JEV, washed 
three times with PBS, incubated for 2 h at 25°C with l:500-diliued Ikiorescein 
isothiocyanale-conjugated goat anti-mouse immunoglobulin G (Jackson Immu- 
no Research Labs Inc.). and washed again three times with PBS. Thereafter, the 
cells were incubated for 30 min at 37''C in PBS containing 5 |jig of propidium 
iodide and 5 |i.g of RNa.se A per ml lo localize the nuclei and mounted with 0,2 
ml of 80% glycerol. Images were acquired on a Zei.ss Axioskop confocal micro- 
scope equipped with a 63x objective with a Bio-Rad MRC 1024 and La.serSharp 
software. 

To examine green fluorescent protein (GFP) expression. BI-lK-21 cells were 
mock-transfected or transfected with 2 ^ig of J VFEx/C.FPM7;rtlMBN RNA. 
Transfected cells ( lO"") were incubated for 30 h in a four-well chamber slide. Cells 
were washed twice with PBS, fi.xcd by incubation for 3(J min at 25°C in PBS 
containing 0,37% (vol/vol) formaldehyde, and mounted with 0.2 ml of 80% 
glycerol. Cells were viewed by confocal microscopy and analyzed as described 
above. 

Lucifurase assay. For the luciferase assay, BHK-2 1 cells (8 X 10'') were 
mock-iran.sfecied or transfected with 2 jAg of JVFL.\/LUC/A7wlMBN RNA or 
JVFL\/LUC'^^''"/A7mIMBN RNA. Cells were seeded at a concentration of 6 X 
Itr cells/well in a six-well plate and cultivated. At the given time points, the cells 
were washed with Ca^*- and Mg-'-free PBS solution and then lyscd by adding 
0.2 ml of lysis buffer |25 mM Tris-phosphate (pH 7.8), 2 mM D IT, 2 mM 
L2-diaminocyclohexane-/V,A',/V',/V'-telraacetic acid, 10%/ glycerol, 1%; Triton 
X-IOO (vol/vol)] to each well. Cell lysates were incubated for 10 min at room 
temperature, and cellular debris was then removed by centrifugation. The su- 
pcrnatants were quickly placed at — SO^C for storage until use. To determine the 
lucifera.se activity, 20 fil of the cell lysates was placed in a luminomcter lube 
containing 100 p.1 of luciferase a.ssay reagent (20 mM Tricine, 1.07 mM 
(MgC03)4Mg(OI-l)2 • 51-UO, 2.67 mM MgSOa, 0.1 mM EDTA, 33.3 mM D'lT, 
270 {iM coenzyme A, 470 |iM luciferin (Promega), 530 \xM ATP|. The activity 
was usually measured for 10 s. Each data point represents the results of three 
independent experiments. 

Cloned full-length cDNA stability. The genetic structure and functional integ- 
rity of the infectious JEV cDNAs were analyzed as follows. E. colt strain DM lOB 
was transformed with pBAC^^'VJVFLx/A7wl, and two independently derived 
clones were grown at 37**C overnight in 10 ml of 2xYT containing 12.5 jig of 
chloramphenicol per ml. Cells from these primar>' cultures were maintained for 
y days by diluting them 10''- fold every day. After the third, sixth, and ninth 
passages, large-scale preparation of the infectious cDNA plasmid was made by 
the SDS-alkaline method and purified further by cesium chloride density gradi- 
ent centrifugation (31). The genetic structure of the plasmid DNA was moni- 
tored by its restriction endonuclease pattern, and its functional integrity was 
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assessed by mensuring the specific infect iviiies ol'the synthetic RNAs transcribed 
from the cDNA template, which was Mnearized by AVwI digestion and mimg bean 
nuclease treatment. 



RESULTS 

Isolation and complete nucieoticle sequence analysis of JEV 
isolate CNU/LP2. JEV strain K87P39, which was isolated from 
a wild mosquito in Korea and undenvent five passages in suck- 
ling mouse brains, was obtained from the Korean National 
Institute of Health (S). The viral plaque sizes of susceptible 
BHK>21 cells infected with K87P39 and grown as a monolayer 
varied, indicating that the viral population is heterogeneous 
(Fig. JA, K87P39-infected). Consequently, we employed the 
plaque purification assay with BHK-21 cells to isolate homo- 
geneous populations of three large-plaque-forming variants 
that we named CNU/LPL -2, and -3 (data not shown). Of these 
three variants, CNU/LP2 consistently maintained its large- 
plaque phenotype on BHK-21 cells (Fig, lA, CNU/LP2-in- 
fected) or Vero cells (data not shown). 

Confocal microscopy with anti-JEV hyperimmune ascites 
revealed that CNU/LP2-infected BHK-21 cells expressed JEV 
viral proteins around the perinuclear membranes (Fig. IB, 
CNU/LP2-infected), similar to KS7P39-infected cells (Fig. IB^ 
KS7P39-infected). This fluorescence staining was not obser\'ed 
in mock-infected BHK-21 cells (Fig. IB, mock-infected). As a 
negative control, BHK-2 1 cells infected with yellow fever virus 
17D, a flavivirus closely related to JEV, did not stain with 
anti-JEV hyperimmune ascites, as expected (Fig. IB, YFJ7D- 
infected). CNU/LP2 infection of a variety of animal cell lines, 
including the neuronal SHSY-5Y (human) and BI03 (mouse) 
cell lines and the nonneuronal Vero (monkey) and N4DCK 
(dog) cell lines, resulted in high virus liters (10^' to 10^ PFU/ml) 
in the culture supernatants (data not shown). We thus decided 
to use CNU/LP2 as the parental strain for developing a reverse 
genetics system for JEV. 

Prior to establishing the JEV reverse genetics system, we 
first had to determine the complete nucleotide sequence of 
CNU/LP2. Long RT-PCR was used to amplify the entire viral 
RNA genome apart from the 5' and 3' termini (Fig. 2A) and 
yielded three overlapping cDNA products denoted JVF (nt I 
to 3865), JVM (nt 3266 to 8170), and JVR (nt 7565 to 10893) 
(about 3.9, 4.9, and 3.3 kb in length, respectively). To ensure 
faithful cDNA synthesis and amplification, we used the RNase 
H-negative RT together with the low-error-rate Pfn DNA poly- 
merase. To avoid the selection bias that can occur due to 
cloning, the uncloned materials of the amplified products were 
directly sequenced in both directions in all cases. Sequencing 
analysis with two independently isolated preparations of viral 
RNA resulted in identical sequences. 

The 3'-terminaI sequence of CNU/LP2 viral RNA was ana- 
lyzed after synthetic oligonucleotide T was ligated to it. Oligo- 
nucleotide T serves as a specihc priming site for cDNA syn- 
thesis and PGR amplification (Fig. 2B) and has been used 
successfully to identify the highly conserved 3' terminus of the 
hepatitis C virus RNA genome (J 7). Thus, synthetic oligonu- 
cleotide T that had been modified by adding ddATP at its 3' 
end to prevent intramolecular and inierniolecular ligation was 
ligated to the 3' end of the viral RNA, and RT-PCR was then 
performed with a negative-sense primer complementary to oli- 



gonucleotide T and a positive-sense primer corresponding to a 
sequence near the 3' end of the viral genome (nt 10259 to 
10276) (Fig. 2B). Agarose gel electrophoresis revealed that the 
amplified products migrated as two bands, a larger band of 
approximately 700 bp and a smaller band of about 450 bp (Fig. 
2C). Both bands were purified and cloned, and 20 and 10 
randomly picked clones containing the larger and the smaller 
bands, respectively, were sequenced. As has been documented 
for most of the fully sequenced JEV isolates, we found that all 
the clones with the larger insert terminated the viral genome 
with GGA TCT"^^^^. In contrast, all the clones with the smaller 
insert showed the viral genome truncated at nt 10684, resulting 
in a band 284 bp shorter. During assembly of the full-length 
JEV cDNA, we used the nucleotide sequences of the larger 
insert because the smaller insert did not contain 284 nucleo- 
tides at the 3' end of the viral genome. 

The 5 '-terminal sequence of CNU/LP2 viral RNA was ex- 
amined after the cap structure at its 5' end had been removed 
by incubation with tobacco acid pyrophosphatase (5). The re- 
sulting viral RNA was then self-ligatcd. and the 3'-5' junction 
was subjected to cDNA synthesis and PCR amplification with 
a positive-sense primer for RT-PCR complementary to a se- 
quence near the viral 3' end (nt 10259 to nt 10276) and a 
negative-sense primer corresponding to a sequence near the 
viral 5' end (nt 164 to nt 181) (Fig. 2D). Agarose gel electro- 
phoresis revealed the amplified products as a single band of 
about 850 bp (Fig. 2E). The amplicons were cloned, and 12 
randomly picked clones were sequenced. In all 12 clones, the 
GGA TCT'^''^'^'-^ of the viral 3'-terminaI sequence (see Fig. 28 
and C) was followed by the 5 '-terminal sequence 'AGA AGT. 
Identical results were also obtained by direct cycle sequencing 
of uncloned material. 

Thus, we have determined the complete nucleotide se- 
quence of the CNU/LP2 isolate. The nucleotide sequence of 
CNU/LP2 was identical to that of the consensus primers used 
with the exception of a substitution, T-^'"^-^'-* C (Table 1, oli- 
gonucleotide J6). This sequence information will soon be avail- 
able in the Gen Bank database. 

Construction of cDNA encoding the JEV RNA genome as a 
bacterial artificial chromosome. During our initial attempts to 
clone the cDNA of the CNU/LP2 RNA genome, it became 
apparent that a particular region of the viral genome was not 
compatible with cloning in high-copy-number plasmids in E. 
coil because the cloned DNA underwent genetic rearrange- 
ments (data not shown). Attempts to clone this region into a 
low-copy-number bacterial plasmid were also unsuccessful due 
to genetic instability together with a low DNA yield (data not 
shown). These difiiculties have also been reported for other 
llaviviruses (5, II, 26, 29, 38, 39). We finally succeeded in 
cloning this cDNA by employing the bacterial artificial chro- 
mosome (BAG) plasmid pBeloBACJ I (22, 36, 46). This vector 
also later proved itself suitable for housing the full-length JEV 
cDNA. 

Each of the three overlapping amplicons JVF, JVM, and 
JVR that were originally obtained for sequence analysis was 
subcloned into the pBeloBACI 1 plasmid. The nucleotide se- 
quences of the cloned cDNA in all three subclones were iden- 
tical to that of the parental virus with the exception of a base 
substitution (T*'*^"'^-^:) in the NS5 gene contained within JVR. 
This substitution was translationally silent and must have 
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FIG. i. Comparison of hirge-placiue-forming JEV isolate CNU/LP2 and original KS7P39 strain. (A) Plaque morphology. BHK-21 cells were 
. mock infected or Infected with the original JEV K87P39 strain, which formed a heterogeneous mixture of viral plaque sizes. The CNU/LP2 isolate 
purified in this study formed a homogeneous population of large plaques (CNU/LP2-infected). (B) Levels and patterns of JEV protein expression. 
Naive BHK-21 cells were mock infected or infected with KS7P39, CNU/LP2, or the yellow fever virus strain YF17D; IS h later they were fixed and 
stained with JEV-specific mouse hyperimmune ascites followed by lluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin G 
(green fluorescence) and confoca! microscopy. Nuclei were visualized by staining with propidium iodide (red fluorescence) in the presence of 
RNase A. 



arisen during the cloning because sequencing of eight ran- 
domly picked individual clones revealed a T residue at nt 8906. 
Although the T^-^""— >C substitution does not alter the corre- 
sponding amino acid, it is possible that this change could affect 
viral replication (43), and thus we corrected this substitution 



back to a T residue. During their manipulation and propaga- 
tion in the E. coli strain DH IOB, all three subcioned cDNAs 
remained genetically stable (data not shown). 

By sequentially linking the overlapping JEV cDNA frag- 
ments at natural restriction sites (see Materials and Methods), 
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FIG. 2. Sirulegics used (o sequence genomic RNA of CNU/LP2. (A) Scheme for RT-PCR imiplification of three ovcrlappine cDNA imiphcons 
representing the entne JEV genomic RNA apart from the 5' and 3' termini. RNA is indicated in "ray. and cDNA is indicated hv soHd parallel 
hnes. The top panel schematically depicts the CNU/LP2 JEV genomic RNA { l().968 hp in lenuth). Thl^ bottom panels portrav the three overlapping 
cDNAs, JVF (nt 1 to 3865), JVM (nt 3266 to 8170), and JVR (nt 75(o to I0S93). (B) SchenVe used to sequence the 3' end of CNU/LP2 iienomi? 
RNA. The ^'-phosphorylatcd and 3'-hlocked oligonucleotide T (Oligo T) \v:ls ligated to the 3' end of JEV genomic RNA by T4 RNA licase. and 
the resulting RNA was then used for cDNA synthesis and amplification with the primers indicated by an arrow. The resultinu'products were cloned 
and sequenced. (C) JEV-specific amplicons synthesized from the oligonucleotide T-ligated JEV genomic RNA described in B. First-strand cDNA 
was .synthesized with oligonucleotide TR, complementaiy to oligonucleotide T. and the RT reaction was carried out in the presence (lane I) or 
absence (lane 2) of Superscript II RT. The cDNA was amplified with oligonucleotide TR and primer J35. which is complementary to nt 10259 lo 
10276. The expected size of the PCR product is 727 bp. The products were separated on a 1 .2% agarose ge! and visualized bv staining with eihidium 
bromide. (D) Scheme used to sequence the 5' end of CNU/LP2 genomic RNA. The cap structure of viral genomic RNA was removed with tobacco 
acid pyrophosphatase, and the decapped viral RNA was then self-ligated with T4 RNA ligase and used for cDNA svnlhesis and amplification. The 
resultmg amplilied products were cloned and sequenced. (E) JEV-specilic amplicons synthesized from the self-liuated JEV uenomic RNA 
described in D. First-strand cDNA synthesis was carried out with primer J40, which is complementaiy to nt 215 to 232. The RT reaction was 
performed in the presence (lane 1) or absence (lane 2) of Superscript II RT. The cDNA was amplilied with primer J35 and primer J39 which is 
complementar)' to nt 164 to 181. The expected size of the PCR product is S90 bp. The products were analyzed on a 1.2% agarose gel as described 
above. Lane M, 100-bp DNA size ladder (in base pairs). 



we assembled six fulMengih cDNA clones of CNU/LP2 (Fig. 
3). Three were designated pBAC'^''^yjVFL/A'//oI, pBAC^'^'V 
JVFLx/A7»oI, and pBAC^'*7JVFLx7A'/x/l (Fig. 3B). These 
cDNA clones all had the SP6 promoter transcription start at 



the beginning of the viral genome so that synthetic RNA tran- 
scripts with an authentic 5' end would be generated. To ensure 
that the 3' end of the viral genome after runoff transcription 
would be close to authentic, we placed a unique restriction 
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Run-off^sile 



1 w Transcription 

pBACSPs/JVFLmd SP6 promoter... TATAGai^aap aggat ct CGAG 

pBACSPfi/JVPLx/AT/d SP6 promoter... TAT AGia^aaa apoa tct cg/Tg 

pBACSPe/JVFLx/AZjal SP6 promoter.. JATAG5i75a£7 aapat ct CTAG^ 

pBACSP6/JVFLx/AZ)a|MBN SP6 promoter... TATAGai7a5£? agoatct 

(C) I ► Transcription 

pBACWJVFL/A/701 17 promoter. ..TATAGai7sa£? aggat ct CGAG 

DBAC'VJVFLx/A/7d T7 prorrioter.,.TAT AG5£;aai7 aggat ct cg/g 

pBAC^VJVFlJc/A'i&al T7 promoter. ..TATAGfii7a3£7 aggat ct CTAG^ 

pBACWJVFLx/>riba|waN T7 promoter.. .TATAG^iyflfli? aggatct 

FIG. 3. Consiniciion of full-length JEV cDNA clones in bacterial artilicial chromosome pBeloBACi 1. (A) Schematic diagram of the full-length 
JEV cDNAs constructed in this study. Viral proteins are shown with thick solid lines at both termini representing the 5' and 3' NTRs of the viral 
genome. The SPfi and T7 promoter transcription start sites and the unique restriction endonuclease recognition site ensuring runoff transcription 
are shown at the 5' and 3' ends, respectively. (B and C) 5' and 3' termini of full-length JEV cDNA clones. Nucleotide sequences of JEV genomic 
RNA are shown as bold italic lowercase letters. Illustrated are the 5' termini of four SP6-driven (B) and four T7-dnven (C) full-length JEV cDNA 
templates. To produce SP6 and T7 RNA polymerase runoff products, the 3' termini of two SP6-driven (B. pBAC^'''VJVFL/A7/orand pBAO^''^*/ 
JVFLx/A7?o!) and two T7-driven {C pBAC''"'/JVFL/A7/oI and pBAC'''/JVFLx/A7/oI) JEV cDNA templates were linearized by A7;oI digestion, 
resulting in three nucleotides (CGA) of virus-unrelated sequence at the 3' ends. Similarly, the cuttins of the 3' termini of an SP6-driven (B, 
pBAC^'''yjVFLN/A'/?«l) and a T7-driven (C, pBAC'''^/JVFLx/A7;^/I) JEV cDNA template with Xba\ Tesulted in four nucleotides (CTAG) of 
virus-unrelated sequence at the 3' ends. In contrast, the authentic 3' end of JEV genomic RNA was present when SP6-driven (B, pBAC^'^^V 
JVFLx/A'b«IMBN) and T7-driven (C pBAC*'''/JVFLx/A'^/IMBN) JEV cDNA templates were linearized l^y Xha\ digestion and then treated with 
mung l")ean nuclease to remove the unrelated single-stranded sequences. Underlined is the restriction endonuclease recognition site introduced at 
the 3' end of the viral genome. An arrowhead indicates a cleavage site. 



endonuclease site, either Xho\ or Xba\, at the end of the viral 
genome (Fig. 38, underlined). Thus, pBAC^'''7JVFL/A'//aI 
bears an A7/c?I site at the end of the viral genome. For the 
construct with an Xha\ site immediately at the end of viral 
genome, as the viral genome already contains an Xha\ site in 
the NS5 gene, this site had to be destroyed by introducing a 
silent point mutation (A'^'-'^^-^T). This construct was desig- 
nated pBAC^'*'VJVFLx/A7>«I, where the x denotes the presence 
of the silent point mutation that desti"oyed the original Xba\ 
site. The third clone, pBAC^''7J VFLx/ATZ/oI, contaiiis both the 
A7/oI site at the end of viral genome and the A'^'-^'^-^T substi- 
tution. Three other full-length cDNA clones under the control 
of the T7 RNA promoter were assembled in a similar manner 
and led to the constructs designated pBAC'''"^/J VFL/A^Z/rM, 
pBAC' VJVFLx/A7?oI, and pBAC'^J VFLx/A7x/I (Fig. 3C). At 
every cloning step during the assembly process, the structural 
integrity of the cloned cDNAs was assessed by extensive re- 
striction and nucleotide sequence analyses. Structural instabil- 
ity of the inserts leading to deletions or rearrangements was 
never observed (data not shown). 

In vitro generation of highly infectious synthetic JEV RNAs 
transcribed from BAC constructs. We first examined the spe- 
cific infectivity of the synthetic RNAs transcribed from the 
three SP6-driven constructs. For runoff transcription, the con- 
structs were linearized by digestion with A7/c;I or Xha\ (Fig. 3). 
SP6 polymerase runoff transcription of the two Af/zo I -linearized 
plasmids in the presence of the m^G(5')ppp(5')A cap structure 



analog yielded capped synthetic RNAs containing three nucle- 
otides (CGA) of virus-unrelated sequence at their 3' ends. This 
is the result of copying the 5' overhang left by the XJw\ diges- 
tion (Fig. 3B). Similarly, SP6 polymerase runoff transcription 
of the A'/jrtl-linearized pBAC^'^'^/JVFLx/A'/x/I plasmid pro- 
duced capped synthetic RNAs with four nucleotides (CTAG) 
of virus-unrelated sequence at their 3' ends (Fig. 38). When 
susceptible BHK-2I cells were transfected with the synthetic 
RNAs from these constructs, ail were highly infectious (Table 
2). That is, the synthetic RNAs obtained from pBAO^^'^^VJ VFL/ 
A7zol, pBAC^''^VJVFLx/A7wI, and pBAC^'''VJVFL\/A7:)«I trans- 
fected under optimal electroporation conditions had specific 
infectivities of 3.5 x 10^ 4.3 X I0\ and 3.4 X 10' PFU/fjig, 
respectively (Table 2, infectivity). Similar results were also 
obtained with synthetic RNAs transcribed from the T7-driven 
cDNA constructs by T7 polymerase runoff transcription (Table 
2, infectivity). 

It has been reported that for some llaviviruses, the presence 
of unrelated sequences at the 3' end of synthetic RNAs tran- 
scribed from infectious cDNA diminishes or abrogates their 
specific infectivity (48). This motivated us to generate synthetic 
RNAs lacking the unrelated sequences by treating the Xba\- 
linearized pBAC^'^'VJVFLx/Af/^fll plasmid with mung bean nu- 
clease (MBN) prior to the transcription reaction, which re- 
moved the four excess nucleotides of CTAG. To verify mung 
bean nuclease activity, A7)i/I-Iinearized and mung bean nucle- 
ase-lreated pBAC^'''VJVFLx/A'i)aI plasmid was self-ligated, 
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TABLE 2. Specilic infcctiviiy of in vitro RNA transcripts generated 
from full-length JEV cDNAs and virus titer 



(A) 



i cinphitc used tor 
transcription" 


Infect ivitv'' 
(PFU/fig 
of RNA) 


Virus liter- (PFU/ml) 
24 h 48 h 


pBAe^''"/JVFL/A7/oI 
pBAC'''/JVFL/A7/oI 


3.5 X 10' 
2.9 X Hf 


4.4 X 10-^ 

2.0 X 10' 


3.6 X 10" 
2.3 X 10" 


pBAC^'''YJVFLx/A7/oI 
pBAC''''/JVFLx/A7/oI 


4.3 X 10' 
3.8 X 10^ 


2.1 X 10' 
3.3 X 10^ 


5.2 X 10" 
4.1 X 10" 


pBAe^'''VJVFLx/A^«l 
pBAC''"^/JVFLx/A7;^/I 


3.4 X 

3.0 X 10' 


3.5 X UP 
2.4 X 10^ 


3.2 X 10" 
2.7 X 10" 


p BAC^^''^yj VFLx/Xha I M BN 
pBAC '^/J V fLxIXba 1 M BN 


3.1 X 10" 
2.7 X 10" 


6.2 X 10" 
5.6 X 10" 


1.4 X 10" 

2.4 X 10" 



"All full-lenglh JEV cDNAs were lineiirized with an approprinte resiriction 
endonucle:ise (A7iol orAVwl) for runotf iran.scripiion as indicated in the names 
of the cDNAs. For pBAC'*'*"/JVFLx/A7MlMBN iuul pBAC'^'VJVFL\/A'6rtiMBN. 
these cDNA templates were prepared hy linearization with ,\7?rtl digestion, which 

was followed by trcaUnenl with MBN, 

''After ill vitro transcription with .SP6 or '17 RNA polymera.se, as indicated, 
samples were ii.setl to eleciroporale I3HK-21 cells, and infectious plaque centers 
were determined as described in Materials and Methods. 

'■ Virus titers at 24 and 4{> h posielectroporation. 



and its viral 3' end was .sequenced, demonstrating removal of 
the four excess nucleotides of CTAG (data not shown). RNA 
transcripts from A'/:)^:/! -linearized and mung bean nuclease- 
treated pBAC^''7J VFLx/A7x/l and pBAC'^7JVFLx/A'/?«l (Fig. 
38, pBAC^'^VJVFLx/A7?rrlMBN, and Fig. 3Q pBAC'''7JVFLx/ 
XbalMBN) both had increased specilic infectivities compared 
to the untreated transcripts (Table 2, infectivit>'). That is, the 
infectivity of RNAs transcribed from pBAC^''^VJVFLx/ 
XhalMBN was estimated to be 3.1 x 10"^ PFU/|JLg, approxi- 
mately 10-fold higher than the infectivity (3.4 X IQ-^ PFU/fjig) 
of the unmodified template (Table 2, infectivity). The RNAs 
derived from pBAC'''7JVFLx/Ar6«I (3.0 x 10'^ PFU/fxg) also 
had increased infectivity after mung bean nuclease modifica- 
tion (2.7 X JO^^ PFU/pLg) (Table 2, infectivity). Thus, the au- 
thentic 3' end of the JEV genome should be present to ensure 
highly infectious synthetic JEV RNA transcripts are generated. 

The altered specilic infectivity of the RNA transcripts due to 
the presence of three or four virus-unrelated nucleotides at the 
3' end also inlluences the virus titers harvested from culture 
supernatants of the transfected BHK-21 cells. Virus titers re- 
leased from BHK-21 cells transfected with RNA transcripts 
from mung bean nuclease-untreated pBAC^*'^yjVFL/A7/(?l. 
pBAC^'-^/JVPLx/AV/oL and pBAC^'^^yj VFLx/A7?^/l ranged 
from 2.1 X KF to 4.4 X HP PFU/ml at 24 h posttransfection 
(Table 2, virus tiler 24 h), at which time half of the transfected 
cells were still attached to culture dishes showing virus-induced 
strong cytopaihic effect. These titers increased about 10-fold to 
the range of 3.2 X 10^' to 5.2 X \0'> PFU/ml at 48 h posttrans- 
fection (Table 2, virus titer 48 h), at which point most of the 
cells had died and detached from the bottom of the culture 
dishes. In contrast, the virus liter released from BHK-21 cells 
transfected with RNA transcripts from mung bean nuclease- 
treated pBAC^'''VJVFLx/A'/x/lMBN had already reached 6.2 x 
10^' PFU/ml at 24 h posttransfection, at which time the majority 
of the transfected cells had died (Table 2, virus tiler 24 h). This 
liter decreased slightly to 1.4 X 10^^ PFU/ml at 48 h postlrans- 
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FIG. 4. Full-length JEV cDNA template alone is not infectious but 
is required for generation of infectious synthetic RNAs durinu in viiro 
trunscriplion. pBAC^'*'yJVFL\/A^rrl (l()0 to 200 ng) linearized with 
A7;«I and treated with mung bean nuclease was used for SP6 polymer- 
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presence (A, lane 2; B, DNase I during) of oisiase I. After synthesis, 
the transcription reaction mix was treated for 30 min at 3TC with 
DNase I (A, lane 3; B, Dnase I after) or RNase A (A, lane 4; B, RNase 
A after). As a control, the reaction was carried out in the absence of 
SP6 RNA polymerase (A, lane 5; B, without SP6 Pol). (A) Following 
treatment, 5% of the reaction mi.viure was separated on a 0.6% aga- 
rose gel, and the cDNA template and RNA transcripts were visualized 
by stiiining with ethidium bromide. (B) The reaction mi.xturcs were 
used to transfect BHK-21 cells, and infectious centers of plaques were 
estimated. 



fection (Table 2, virus titer 48 h). Similar patterns of virus 
production were seen with the T7 polymerase-driven RNA 
transcripts (Table 2). 

We confirmed that specific infectivity requires the transcrip- 
tion of RNA from the full-length JEV cDNA template by using 
the full-length cDNA clone pBAC^'^'^'/JVFLx/A'/7«lMBN (Fig. 
4). The cDNA template alone was not infectious (Fig. 4A, lane 
5, and B, without SP6 Pol), but the intact cDNA template was 
needed during the tran.scription reaction becau.se DNase 1 
ireaimeni abolished infectivity (Fig. 4A, lane 2, and B, DNasel 
during). Addition of DNase I after the transcription reaction 
had no effect (Fig. 4A, lane 3, and B, DNasel after) relative to 
the intact reaction mixture (Fig. 4A, lane 1, and B, without 
treatment), but RNa.se A treatment abolished the infectivity of 
the transcribed synthetic RNAs (Fig. 4A, lane 4. and B, RNase 
A after). 

Synthetic, I EVs recovered from full-length infectious cDNAs 
are indistinguishable from the CNU/LP2 parental virus. We 

compared the .synthetic J EVs recovered from full-length infec- 
tious cDNAs with the parental virus CNU/LP2 originally used 
for cDNA construction. As shown in Fig. 5A, BHK-21 cells 
infected with .synthetic viruses recovered from pBAC''''^VJ VFL/ 
Xho\ (dish I), pBAC^^^VJVFLx/A'/ioJ (dish 2), pBAC^^'^V 
SVFLK/Xha\ (dish 3), and pBAe'^'''VJVFLx/A'/x/IMBN (dish 4) 
formed homogeneous large plaques, similar to the cells in- 
fected with CNU/LP2 (dish 5). The growth properties were 
also similar. Here, BHK-21 cells were infected with low (0.01 
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PFU/cell), medium (1 PFU/cell), and high (10 PFU/cell) mul- 
tiplicities of infection, after which the cell culture fluids were 
harvested periodically and used to determine the kinetics of 
infectious virus release over time. As shown in Fig. 5B, the 
multiplicity of infection-dependent virus titers accumulating 
over time were similar for the four recovered viruses and the 
parental virus. 

The viral protein and RNA levels in BHK-2\ cells infected 
with the four recovered viruses and the parental virus were also 
assessed. Anti-JEV hyperimmune ascites used in immunoblot- 
ting revealed that the synthetic and parental viruses produced 
similar amounts and identical patterns of virus-specific pro- 
teins (Fig. 5C, top panel). Actin protein was measured as an 
internal sample loading control and revealed equivalent levels 
of actin protein in mock-infected and infected cells (Fig. 5C, 
bottom panel). Viral RNA levels were also similar, as deter- 
mined by Northern blotting (Fig. 5D). Quantification of these 
blots by image analysis revealed that the ratios of viral genomic 
RNA (Fig. 5D, top panel) to ISS rRNA (Fig. 5D, bottom 
panel) did not differ significantly, demonstrating that all viral 
genomic RNAs were produced at similar levels. 

Thus, all the synthetic viruses were indistinguishable from 
the parental virus in terms of plaque morphology, cytopatho- 
genicity, growth kinetics, protein expression, and RNA produc- 
tion. Furthermore, analyses of the 3' end sequence did not 
reveal an extra three (CGA) or four (CTAG) nucleotides of 
virus-unrelated sequence at the 3' end of the viral RNA ge- 
nomes derived from any of the synthetic viruses (data not 
shown). These results validate the use of infectious J EV cDNA 
clones developed in this study for future molecular genetics. 

Genetic marker introduced into JEV cDNA obsened in the 
genome of recovered virus. While the above results strongly 
suggest that the JEV cDNA clones can produce highly infec- 
tious RNA transcripts after SP6 or T7 polymerase transcrip- 
tion, the possibilit}' that the transfected cultures were contam- 
inated with the parental virus CNU/LP2 was not formally 
excluded. To assess this remote possibility, we used PCR-based 
site-directed mutagenesis to introduce a genetic marker (gm) 
into the pBAC^'^'VJ VFLx/A7;r/l construct. This marker is a si- 
lent substitution (A'- '^'->C) that results in the gain of a unique 
Xhol site in the NS5 gene (Fig. 6A). The mutagenized con- 
struct was designated pBAC^'''VJVFLx/gm/A7x/I. BHK-21 cells 
transfected with RNA transcripts from A7x/I-linearized mung 
bean nuclease-treated pBAC^^'^^VJ VFLx/gni/A'/?fllMBN pro- 
duced infectious virus containing the genetic marker (denoted 
JVFLx/gm/A'/?fllMBN) (Fig. 6A). The phenotypic characteris- 
tics of JVFLx/gm/A7^r/IMBN did not ditler from those of the 
original virus JVFLx/A7x/IMBN, indicating that the A*- '^'-»C 
substitution did not affect viral replication (data not shown). 

To verify that the JVFL\7gm/A7?alMBN virus had been re- 
covered from the cDNA template of pBAC^''^VJVFLx/gm/ 
XbalMBN, we serially passaged the recovered virus in BHK-2J 
cells at an multiplicity of infection of 0. 1 . The viruses resulting 
from each passage were incubated with RNase A and DNase 1 
to avoid the carryover of the input transcript RNA and tem- 
plate plasmid cDNA (21). Viral RNAs extracted from the 
JVFLx/gm/A'/;«liVIBN and JVFLx/A'/?r/IMBN viruses released 
at passages 1 and 3 were used in RT-PCR to amplify a 2,580-bp 
product that encompassed the A"^"'->C substitution (Fig. 6B, 
lanes 1, 3, and 5). Digestion of the amplified product from 



JVFLx/gm/A'/:7«IIVlBN with Xhol resulted in two fragments of 
1,506 and 1,074 bp (Fig. 6B, lanes 2 and 4). The JVFLx/ 
A'/?alMBN-derived RT-PCR product did not digest with Xhol 
(Fig. 6B, compared lane 5 with lane 6), demonstrating that the 
A-'^'^'^C substitution was indeed present in the JVFLx/gm/ 
A7X/IMBN virus. Thus, the recovered virus JVFLx/gm/ 
Xhcf \MBN originated from the full-length infectious cDNA 
pBAC^^^yj VFLx/gm/A-/^/ 1 IVI BN. 

Full-length infectious JEV cDNA as a BAC is maintained 
with a high degree of genetic stability in E. coli. A previous 
study has shown that constructs containing full-length JEV 
cDNA frequently acquired stabilizing nonsense mutations in 
the regions encoding the structural proteins prM and E (38). 
Since studies into the molecular genetics of JEV will indispens- 
ably require a reliable infectious JEV molecular clone for 
manipulation, we manipulated pBAC^'^'VpJ VFLx/A'/x/I in sev- 
eral ways and extensively investigated its genetic structure and 
functional integrity. We first assessed the clones of £". coli 
DHIOB bacteria transformed with pBAC^''^ypJVFLx/A'/7f/I and 
grown on semisolid medium at 37°C. Small but homogeneous 
bacterial colonies appeared after 15 to 20 h, and extensive 
restriction analysis with 10 randomly picked clones showed no 
evidence of deletions or rearrangements. That is, the restric- 
tion endonuclease patterns of all 10 clones were identical when 
digested with Ncol (nine sites), Bgll (nine sites), Psfl (seven 
sites), Hindu] (seven sites), Sspl (six sites), BglU (six sites), and 
Sac] (six sites) (data not shown). SP6 polymerase transcription 
with each of these 10 clones as the template consistently 
yielded synthetic RNAs with high specilic infectivities ranging 
from 2.7 X 10*^^ to 3.1 x 10'' PFU/|xg (Table 2 and data not 
shown). 

We also assessed the construct stability of two independent 
pBAC^''*^'/JVFLx/A7?^/l-containing £. co// clones propagated for 
9 days. The cells were grown in liquid medium overnight and 
subsequently propagated by diluting them lO^'-fold daily as 
described previously (2). In our experimental conditions, each 
passage represented approximately 20 generations, which is 
consistent with observations made previously (2). The plasmids 
extracted from the tv^o cultures at passages 0, 3, 6, and 9 were 
examined by restriction enzyme analysis. The restriction en- 
zyme patterns at passages 3, 6, and 9 did not differ visibly from 
those at passage 0 (data not shown). Thus, within the resolu- 
tion of agarose gel electrophoresis analysis, the two infectious 
BAC clones appeared to be structurally stable. Furthermore, 
the infectivity of the RNA transcripts made from the two 
cDNA clones did not differ between passage 0 and passage 9 
(Fig. 7), confirming that the infectious JEV cDNA remained 
functionally stable during serial growth in E. coli. 

Infectious JEV cDNA as a vector for foreign gene expres- 
sion. As previously described (3), we found that JEV was able 
to replicate in a wide variety of eukar\'otic cells originating 
from a number of species, including humans, mice, monkeys, 
swine, dogs, cats, and hamsters (data not shown). This suggests 
that JEV could be useful as a vector for the expression of 
heterologous genes in a variety of different cells. To test this, 
two commonly used reporter genes, the Aequorea victoria 
green fluorescent protein (GFP) and the Photinus pyralis lucif- 
erase (LUC), were inserted at the beginning of the viral 3'NTR 
of pBAC^''^VJVFLx/A7x/l as expression cassettes driven by the 
internal ribosome entry site of encephalomyocarditis virus 
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FIG. 6. Presence of A7?oI genetic niiirker in recombinant J EVs derived from pBAC'^''^yjVFLx/gni/A7;c/I. (A) Schematic diagram of the RT-PCR 
fragments of J VFLx/.Vk/ 1 MBN and J VFLx/gm/A7?^/IMBN expected after AV/oI digestion. Indicated are the primers used for RT-PCR (arrows), the 
introduced Xi\o\ site (asterisk), and the sizes of the RT-PCT products (2,,')S0 bp) and the two A7?ol digestion products (1,506 bp and 1,074 bp) 
expected after digestion of JVFLx/gm/A7;^/IMBN with A7/ol. (B) BHK-21 cells were transfected with synthetic RNAs transcribed from either 
pBAC^'''VJVFLxAV/?r/IMBN or pBAC^^'''7JVFLx/gm/A-'/7«IMBN. Viruses were recovered 24 h later and 'serially passaged in BHK-2] cells at a 
multiplicity of infection of 0.1. At each passage prior to the next round of infection, viruses were incubated with DNase I and RNase A (21). At 
passages 1 and 3. viral RNA was extriicted from the culture supernatant containing the released viruses and used for RT-PCR. The PCR products 
were incubated in the presence ( + ) or absence (-) of A7/oI, separated on a 1% agarose gel, and stained with ethidium bromide. The expected sizes 
of the undigested and digested PCR products are shown on the left. Lane M. l-kb DNA ladder. 



(Fig. SA). A deletion of 1 1 to 25 nucleotides exists at the 
beginning of the viral 3'NTR in CNP/LP2 and three other fully 

sequenced JEV strains (14, 25, 47), suggesting that this may be 
a good site to insert the foreign genes. In both cases, the 
insertion did not alter the infectivity of the synthetic RNA 
transcripts, although the level of viral replication was slightly 
decreased (data not shown). 

To exatnine GFP expression, naive BI-lK-2 1 cells were trans- 
fected with infectious synthetic RNA transcribed from the 
pBAC^''7JVFLx/GFP/A77f/IMBN template and examined by 
confocal microscopy. Cells expressing GFP displayed green 
lluorescence in both the nucleus and the cytoplasm (Fig. 88, 
JVFLx/GFP/A'/x/lMBN) because GFP is small enough (-30 
kDa) to permit diffusion between the nucleus and the cyto- 
plasm. As expected, this lluorescence was not observed in 
mock-transfected cells (Fig. SB, mock) or in cells transfected 
with RNA transcripts from pBAC^'^^VJ VFLx/A'/^^zIMBN (data 
not shown). 

To monitor the induction of luciferase over time in a quan- 
titative manner, we produced not only replication-competent 
RNA transcripts from pBAC^*''7JVFLx/LUC/A'feflIMBN but 
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FIG. 7. Spccilic infectivity of synthetic RNAs transcribed from in- 
fectious JEV cpNA clones propagated for ISO generations. Two in- 
dependent clones carrying pBAC /JVFLx/A7;flI (solid and open cir- 
cles) were cultivated at 37'*C overnight in 2xYT with chloramphenicol. 
The primar)' cultures were propagated every d;iy for 9 days by lO^'-fold 
dilution and adding fresh broth for overnight growth. Each passage 
was estimated to be about 20 generations (2). At the indicated pas- 
sages, the DNA plasmids were purified, linearized by Xba\ digestion, 
treated with mung bean nuclease, and used as templates for runoff' 
transcription with SP6 RNA polymerase. The transcripts were then 
used to transfect BI-IK-21 cells to determine specific infectivity. 
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FIG. 8. Expression of foreign genes with JEV cDNA as the vector. (A) Schematic diauram of the pBAC^''7JVFL\/GFP/\7x/IMBN pBAC^''"/ 
JVFLx/LUC/A'6«IMBN, and pBAe'*7JVFLx/LUC'^'^''-/.V/7«IMBN cDNA templates usx^d for runoff transcription with SP6 RNA polymerase 
Indicated are the encephalomyocurditis virus (EMCV) iniernal ribosomc entrv site (IRES)-driven GPP and luciferase izenes that were inserted at 
the beginning of the 3'NTR of the viral genome, the SP6 promoter transcription start, and the runoff site generated by Xha\ diuestion and mun«» 
bean nuclease irealmcnl (A7.«I/MBN). In pBAC'^''VJVFLx/LUC'^'^''-/A'/>«lMBN. a solid vertical bar indicates an S.Vnucleotide^deietion (nt SxSI 
to 3663) in the middle of ihe NS3 gene that determines viral translation at nt 5596 (asterisk). (B) Expression of GFP protein BHK-^I cells were 
mock tnmsfecled or transfected with 2 |xg of synthetic RNAs transcribed from the pBAC^'''yJVFLx/GFPA'i!?rtIMBN template (JVFLx/GFP/ 
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also replication-incompeient RNA transcripts from pBAC^''-V 
JVFLx/LUC^'^''-/A'/x/IMBN (Fig. SA). The pBAC^'^'VJVFLx/ 
LUC'**-**"/A7?rtIMBN template contains an 83-niicleotide de- 
letion (nt 5581 to nt 5663) in the middle of the NS3 gene that 
prematurely terminates viral translation at nt 5596 (see asterisk 
in Fig. 8A, pBAe^'^''/JVFLx/LUC*"'-*^-/A7>flIMBN). In BHK-21 
cells transfected with the replication-competent JVFLx/LUC/ 
XhamSN RNA (Fig. SC, solid circles), the initial luciferase 
activity 6 h posttransfection was 2.4 x 10"^ ± 0.2 X relative 
light units (RLU). This activity was dramatically increased to 
5.3 X JO'* ± 0.1 X iO'* RLU 30 h posttransfection and reached 
7.8 X 10-^ ± 0.6 X 10' RLU 54 h posttransfection, at which 
point >50% of the cells were dying. In contrast, in BHK-21 
cells transfected with the replication-incompetent JVFLx/ 
LUC*^*^''-/A'/?fllMBN RNA, the initial luciferase activity 6 h 
posttransfection was J. 9 X 10"^ ± 0.4 x lO'^ RLU (Fig. SC, 
open circles), like the JVFLx/LUC/A'/?rtlMBN-transfected cells 
(Fig. 8C, solid circles), but this activity gradually decreased 
over time to 16 ± 1 .2 RLU at 54 h posttransfection, which is at 
the level of background luminescence of naive cells (Fig, 8C, 
open circles). Thus, the level of luciferase activity expressed 
over time varied depending on the presence or absence of viral 
replication. 

We recovered the recombinant J VFLx/GFP/A'/)^/IMBN and 
J VFLx/LUC/A'/x/IMBN viruses and infected a variety of com- 
monly used animal cell lines, including nonneuronal and neu- 
ronal cells. The GFP or luciferase gene was expressed in all cell 
types tested (data not shown). Thus, recombinant JEV RNAs 
and viruses are useful as vectors for foreign gene expression in 
eukar^'otic cells. 

DISCUSSION 

Here we report the development of a convenient and reli- 
able reverse genetics system for JEV that can be used to 
generate synthetic viruses from genetically stable full-length 
infectious JEV cDNAs. Previous attempts to develop such a 
system (23, 38, 39, 51), including our own, were thwarted by the 
instability of the cloned JEV cDNA. The system described in 
this paper will greatly facilitate the study of the molecular 
mechanisms of replication, virulence, and pathogenesis em- 
ployed by the virus. Furthermore, we showed that this system 
can be used as a JEV RNA vector that will rapidly express 
heterologous genes in a wide variety of eukaryotic cells. 

We were able to overcome the instability of JEV cDNA by 
employing bacterial artificial chromosomes (BACs), which 
could even stably accommodate the full-length infectious JEV 
cDNA. These could be used as templates for runoff transcrip- 
tion that generated highly infectious synthetic RNAs with a 
specilic infectivity of JO' to 10^' PFU/|ULg. The transfected cells 
also released synthetic virus progeny with a virus titer of 10*^ to 
lO"' PFU/ml. The recovered viruses were phenotypically indis- 
tinguishable from the parental virus. We also used a standard 



mutagenesis procedure to introduce a point mutation that 
acted as a genetic marker into the BAG construct. This allowed 
us to confirm that the recovered viruses were derived from the 
infectious cDNA. It also indicated that virus mutants can be 
generated by genetically manipulating the infectious cDNA in 
E. coli. Thus, our system will facilitate the genetic analysis of 
the replicative mechanisms of the JEV genome. 

It is important to produce full-length infectious JEV cDNA 
that, in in vitro transcription, would generate RNA transcripts 
with authentic 5' and 3' ends because several studies have 
shown that both the 5'- and 3'-terminal regions are needed for 
the initiation of Havivirus RNA replication in vitro (49, 50) and 
in vivo (16). To achieve this objective, we adapted approaches 
used previously for other llaviviruses (29, 42). The cap struc- 
ture in JEV genomic RNA is followed by the dinucleotide AG, 
an absolutely conserved feature of the llaviviruses (28). The 
authenticit}' of the 5' end was ensured by placing either the SP6 
or the T7 promoter transcription start at the beginning of the 
viral genome. Incorporating the m'G(5')ppp(5')A cap struc- 
ture analog in the SP6 and T7 polymerase-driven transcription 
reactions (9) then allowed us to .synthesize capped RNA tran- 
scripts with authentic 5' ends that were highly infectious upon 
transfection into susceptible cells. In addition, incorporating 
the m^G(5')ppp(5')G cap structure analog in the SP6 and T7 
polymerase-driven transcription reactions (9) places an unre- 
lated extra G nucleotide upstream of the dinucleotide AG. As 
reported earlier (29), we did find that the extra nucleotide was 
lost from the genomic RNA of the recovered JEV progeny 
(data not shown). Furthermore, we did not observe that the 
infectivit}' or the replication of synthetic RNAs transcribed 
from infectious cDNA templates was altered if we added the 
extra nucleotide (data not shown). 

The dinucleotide CU located at the 3' end of JEV RNA is 
absolutely conserved among the llaviviruses except for the cell 
fusing agent (4, 28). This suggests that these nucleotides are 
important in viral replication and that transcripts from infec- 
tious cDNAs must have authentic 3' ends. We thus designed 
our reverse genetics system for JEV so that the synthetic RNA 
would be terminated with the authentic 3' end. We showed 
indeed that RNA transcripts with authentic 3' ends were 10- 
fold more infectious than transcripts with three or four virus- 
unrelated nucleotides hanging on their 3' ends. This is consis- 
tent with a previous study showing that unrelated sequences at 
the 3' end of synthetic RNAs of the West Nile virus delayed 
the establishment of a productive infection (48). 

A variety of vector systems were used previously in attempts 
to assemble a full-length JEV cDNA (23, 38, 39, 51), including 
a cosmid vector in coli (51). In all cases, the cloned cDNA 
became genetically unstable during its propagation in a host. 
Similarly, our attempts to clone stable full-length JEV CNU/LP2 
cDNA in all high-copy-number pUC-derived, medium-copy- 
number pBR322-derived, and low-copy-number- pACYCIS4- 
derived vectors tested were unsuccessful. One study attempted to 



A'ftfllMBN), incubated for 30 h, and then (ixed and examined by confocal microscopy. (C) Induction of lucifenisc protein. BHK-21 cells (8 x 10'') 
were mock transfected or transfected with 2 |jLg of synthetic RNAs transcribed from the pBAe^'''VJVFLx/LUCM7;^/llVIBN (solid circles) and 
pBAC' 7JVFL\/LUC'*'-'*"/A'/>rtIMBN (open circles) templutes and seeded in a six-well plate at a density of 6 x Kf cells per well. Cells were Ivsed 
at the indicated time points, and luciferase activity was determined. The standard deviations obtained from three independent e.xperimenis are 
indicated by error bars. 
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overcome this problem by designing a system in which the tem- 
plate would be generated by in vitro ligation of two overlapping 
JEV cDNAs (38). This template was then used to synthesize 
infectious RNA transcripts in vitro. However, the specilic infec- 
tivity of these transcripts was about 100 PFU/jxg, which was too 
low to make this s>'stem useful for molecular and genetic analyses 
of virus biolog>' (38). 

In this report, we were able to overcome the genetic insta- 
bility of JEV cDNA by cloning it into a BAC plasmid that is 
maintained at one or two copies in E. coli. The genetic struc- 
ture and functional integrity of the infectious cDNA plasmid 
remained stable for at least 180 generations during its propa- 
gation in E. coil. It should be noted that the genetic stability of 
this system is not simply due to use of the BAC plasmid as a 
cloning vector, as an attempt to clone full-length cDNA of the 
avian infectious bronchitis virus into the same BAC plasmid 
was unsuccessful (6). Further studies elucidating the reason for 
the genetic stability of the full-length JEV cDNA in the BAC 
plasmid may be useful for the construction of other infectious 
llaviviriis cDNAs. 

Alphaviruses, which are also RNA viruses, can replicate in a 
variety of commonly used animal cells and thus have been 
successfully exploited as eukar^'otic expression vectors in cell 
culture and in vivo (I, 10, 33). We and others (3) have found 
that JEV, like the alphaviruses, is also able to replicate in a 
wide variet\' of primarx' and continuous cell cultures from hu- 
mans, mice, monkeys, cows, pigs, dogs, cats, and hamsters 
(data not shown). This makes JEV attractive as a eukar\'0tic 
expression vector. Supporting this are our studies showing that 
when two representative reporter genes, GFP and luciferase. 
were inserted into JEV genomic RNA and placed in BHK-21 
cells, they were expressed. Thus, the infectious JEV cDNA can 
act as an expression vector for the rapid expression of a num- 
ber of heterologous genes in a wide variety of eukaryotic cells. 

In this regard, previous studies have shown that replicons of 
other llaviviruses are employed for efiicient expression of het- 
erologous genes, including GFP and luciferase (15, 24, 35, 44). 
In addition to a transient gene expression system, development 
of a noncytopathic JEV RNA re pi icon vector for generation of 
stable cell lines continuously expressing heterologous genes is 
desirable, if possible. When a particular type of cell is to be 
targeted, however, gene expression systems derived from lla- 
viviruses might be disadvantageous due to their broad host 
range. The JEV cDNA clones described here would be useful 
in defining the minimal and optimal viral genetic elements 
needed to use JEV as an expression vector and to develop a 
packaging system for RNA vectors. 

The reverse genetics system for JEV described here will 
greatly aid several basic and applied research areas. First, this 
system will help us to investigate the molecular mechanisms of 
JEV replication, transcription, and translation as well as to 
identify the JEV genetic elements involved in neurovirulence 
and pathogenesis. Second, the JEV RNA vector could be an 
invaluable genetic tool for heterologous gene expression in a 
wide variety of eukaryotic cells for many applications in bio- 
logical research. Third, in connection with the ongoing JEV 
epidemic in Asia and the recent expansion of the virus to 
Australia, the ability to generate recombinant JEV by targeted 
manipulation of the infectious JEV cDNA opens up new ap- 



proaches to the design of genetically modified anti-JEV vac- 
cines. 
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We constructed full-length cDNA clones of Sindbis virus that can be transcribed in vitro by SP6 RNA 
polymerase to produce infectious genome-length transcripts. Viruses produced from in vitro transcripts are 
identical to Sindbis virus and show strain-specific phenotypes reflecting the source of RNA used for cDNA 
synthesis. The cDNA clones were used to confirm the mapping of the causal mutation of ts2 to the capsid 
protein. A general strategy for mapping Sindbis virus mutations is described and was used to identify two lethal 
mutations in an original full-length construct which did not produce infectious transcripts. An Xbal linker was 
inserted in the cDNA clone near the transcriptional start of the subgenomic mRNA; the resulting virus retains 
the Xbal recognition sequence, thus providing formal evidence that viruses are derived from in vitro transcripts 
of cDNA clones. The potential applications of the cDNA clones are discussed. 



Sindbis virus is the type species of the Alphavirus genus. 
It is among the least pathogenic of the alphaviruses, a group 
that includes such important pathogens as Venezuelan, 
Western, and Eastern equine encephalitis viruses (25). In 
nature, Sindbis virus is transmitted by mosquitos, and its 
alternate vertebrate host is usually a bird or a mammal (80). 
In vitro, Sindbis virus infects a variety of avian, mammalian, 
reptilian (12), and amphibian cells (40). It also infects many 
species of mosquitos, a tick (80), and Drosophila mela- 
nogaster (6). Infectioii of vertebrate ceils in culture is usually 
characterized by a dramatic cytopathic effect and rapid cell 
death, whereas growth in mosquito cells often leads to the 
establishment of chronic or persistent infections. 

Since its isolation in 1952 (80), Sindbis virus and the 
closely related Semliki Forest virus have been widely stud- 
ied (for a review, see reference 69). The genome of Sindbis 
virus consists of a single molecule of single-stranded RNA, 
11,703 nucleotides (nt) in length (74, 76). The genomic RNA 
is infectious, is capped at the 5' terminus and polyadenylated 
at the 3' terminus, and serves as mRNA and is therefore by 
convention of plus polarity. During infection of vertebrate 
cells, the virus attaches to the cell surface and is endo- 
cytosed. Acidification of the endocytic vesicle activates the 
viral envelope proteins to mediate fusion of the viral enve- 
lope with the vesicle wall, thus depositing the genome in the 
cytoplasm (31). The 5' two-thirds of the genomic 49S RNA is 
translated during early infection to produce two polyproteins 
that are processed by cotranslational or posttranslational 
cleavage into four nonstructural proteins (called nsPl 
through nsP4, numbered in order as they appear in the 
genome sequence; 74) presumably required for RNA repli- 
cation. A full-length minus strand complementary to the 
genomic RNA is first synthesized; this minus strand then 
serves as a template for the synthesis of new 49S genomic 



RNA molecules. The three structural proteins are encoded 
in the 3' one-third of the genome. They are expressed by 
transcription of the minus strand at an internal site to 
produce a 26S subgenomic mRNA that is 4,106 nt long and 
colinear with the 3'-terminal one-third of the 49S genome. 
The subgenomic mRNA is capped and polyadenylated. It 
does not serve as a template for minus-strand synthesis, nor 
is it packaged into mature virions. Translation of the 26S 
mRNA produces a polyprotein that is cleaved cotranslation- 
ally by a combination of viral and presumably host-encoded 
proteases to give the capsid protein (C) and the two envelope 
glycoproteins (El and PE2, the precursors of the virion E2). 
The translation, proteolytic cleavage, glycosylation, fatty 
acid attachment, and transport of these proteins have been 
extensively studied both in vivo and in vitro as models for 
membrane protein biogenesis (for a review, see reference 
68). The capsid protein complexes with the 49S genomic 
RNA to form intracellular icosahedral nucleocapsids, which 
interact with the cytoplasmic domains of the transmembrane 
envelope proteins at the cell surface, resulting in the budding 
of virus from the plasma membrane (23). The virus thus 
acquires a lipid envelope derived from the host cell. The 
proteins and RNA in mature virions are exclusively virus 
encoded. 

Genetic analysis of Sindbis virus has been facilitated by 
the isolation of ts mutants defective in RNA replication 
(RNA" mutants) and in the production of the structural 
proteins (RNA"^ mutants). These mutants have been 
grouped by complementation into three RNA^ and four 
RNA" groups (8-10, 65, 67, 73, 75). Representative mutant- 
revertant pairs from RNA"" groups C, D, and E have been 
analyzed by sequence analysis, and there is excellent corre- 
lation between specific sequence changes and phenotypes (2, 
27, 44). None of the RNA" defects has been rigorously 
assigned to specific nonstructural proteins or RNA se- 
quences. 
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Over the past several years, recombinant DNA technol- 
ogy has profoundly advanced the study of RNA viruses. 
Sequence analysis of cDNA clones of RNA viruses contrib- 
uted to the identification of potential translation products 
and, by sequence comparison, of conserved, potentially 
c/5-acting sequences implicated in replication and gene 
expression. However, rigorous tests of these conclusions 
require the manipulation and expression of functional viral 
genomes. This has led to the construction of cDN A copies of 
the bacteriophage OP (79) and poliovirus (55, 60, 70) which, 
after transfection of the appropriate host cells, produce 
infectious transcripts in vivo. Subsequently, a number of 
laboratories have succeeded in producing infectious tran- 
scripts synthesized in vitro from cDNA clones for several 
plant viruses (1, 13, 14, 18, 24, 50, 71, 77, 82) and animal 
viruses (16, 30. 52. 81). Using the same approach, we 
previously reported the deletion mapping of the cw-acting 
sequences required for the replication and encapsidation of 
defective-interfering genomes of Sindbis virus (43). We 
describe here the construction of cDNA clone s of Sindbis 
virus capable of producin g infectious transcripts in vitro. We 
also demonstrate the use of these clones for mapping the 
causal lesions for mutants with interesting phenoiypes and 
for site-directed mutagenesis to construct novel mutants of 
Sindbis virus. 

MATERIALS AND METHODS 

Virus stocks, growth, and purification. Sindbis virus stocks 
derived from the cDNA clones described below, as well as 
the HR small plaque strain (HRsp, stock no. 80-5724; 74); 
temperature-sensitive {ts) mutants ts2, ts6, tsll, fslS, and 
ts24; and an HR large plaque strain (HR; S. Schlesinger 
laboratory strain; 8, 9) were grown on monolayers of pri- 
mary or secondary chicken embryo fibroblasts (CEF) and 
titers were determined as previously described (73). The ts 
mutants were plaque purified for use in complementation 
analyses. The virus was purified by polyethylene glycol 
precipitation from the culture media, followed by successive 
velocity sedimentation and equilibrium density centrifuga- 
tions (58). The isolation of intracellular (43, 57. 84) and virion 
RNA (4, 58, 62) was as described. 

General recombinant DNA techniques. Restriction endo- 
nucleases and DNA modifying enzymes were purchased 
from commercial sources and used essentially as recom- 
mended by the manufacturer. Plasmids were grown, puri- 
fied, and analyzed by standard methods with minor modifi- 
cations (47). 

cDNA synthesis, purification, and primer extension. cDNA 
synthesis and cloning of Sindbis virion RNA from purified 
virus have been described (62, 74). Double-stranded cDNA 
restriction fragments used to construct derivatives of Toto5 
(see below) were purified by extraction from preparative 
low-melting-temperalure agarose gels (83). For sequence 
analysis of RNA prepared from TotolOOO- and Totol002- 
infected CEF cells, a 5'-end-labeIed oligonucleotide (com- 
plementary to nt 7644 through nt 7662 of the Sindbis virus 
genome; 74) was annealed to total cytoplasmic RNA and 
extended with avian myeloblastosis virus reverse trans- 
criptase (15). Discrete extension products corresponding to 
the 5' end of 26S RNA were isolated from a preparative 
sequencing gel and sequenced by the chemical method (48). 

Construction of full-length Sindbis cDNA clones. An origi- 
nal full-length cDNA clone of Sindbis virus HRsp, called 
Totol (Fig. 1), was reconstructed from the four HindlU 
subclones of the Sindbis virus genome used for determina- 



tion of the sequence (74). The Hindlll cDNA fragments were 
subcioned into Proteusl. Proteusl consists of the replicon 
and the beta-lactamase gene of pBR322, from the Thai 
(position 2522) to £coRI (position 1) sites, with the Thai end 
fused to the filled-in Bglll end of a Bglll-Clal fragment from 
SP6 phage containing a SP6 RNA polymerase promoter (E. 
Butler and P. Little, unpublished data.) The same promoter 
was subsequently used to construct pSP64 (49). A polylinker 
sequence (5'-AAGCTTCTAGAGATCTGCAGGTCGAC 
GGATCCCCGGGAATTCCGCGGAATT-3') was posi- 
tioned between the Clal site from SP6 phage and the filled>in 
£coRI site from pBR322. 

The 5' terminus of Sindbis virus cDNA was fused to the 
Smal site in the polylinker of Proteusl (74). The GC tail at 
the 5' terminus regenerated the Smal site. The site was 
converted to a Clal site by cutting with Smal and ligating in 
Clal linkers (pCATCGATG). and it was used to fuse the 
Sindbis virus 5' terminus to the Clal site downstream of the 
SP6 promoter. This 5' clone included the //mdlll site at 
position 125 of Sindbis virus. The 3' terminus of Sindbis 
virus cDNA was cloned as a Hindlll (position 6267) to the 
poly(A)-poly(T) fragment between the //mdlll and Smal 
sites of Proteusl (74). The 5' and 3' clones were combined by 
ligating at the respective //mdlll sites. (The 55/11 site in the 
polylinker was converted to a Sst\ site, by using Sstl linkers, 
for subsequent runoff transcription). The two internal 
Hindlll fragments (nt 125 to 1302 and 1302 to 6267) were 
then inserted, in the correct order and orientation, in the 
//mdlll site of the 5'-3' clone to produce Totol. Totol has 
198 nt between the SP6 transcription start and the 5' nucle- 
otide of the Sindbis virus genome, including 9 G residues, 
derived during cDNA cloning, immediately 5' to the Sind- 
bis virus sequences. The 3'-terminal poly(A) tract consists 
of ca. 35 residues followed by the sequence 5'-G 
GGAATTCGAGCTC-3', the last six nucleotides of which 
comprise the Sstl site used for runoflf transcription. 

Toto2 was derived from Totol by inserting a Clal linker 
(pCATCGATG) into a Haelll site in SP6-derived sequences, 
cutting with Clal, and ligating to the SP6-derived Clal site 
downstream of the SP6 promoter (see above). This left 48 nt 
between the SP6 transcription start and the Sindbis virus 5' 
nucleotide. Toto3 was derived from Toto2 by deleting all 
SP6-derived sequences preceding the Sindbis virus se- 
quences. We took advantage of an Hphl recognition se- 
quence in the SP6 promoter that directs Hphl cutting after 
the A 1 nt 3' from the G that corresponds to the major 
transcriptional initiation site for SP6 RNA polymerase (un- 
published observations; 29). We fused the Hphl cut site (T4 
DNA polymerase treated to remove the 3' protruding A) to 
a 5/bNI site (filled in by treatment with the large fragment of 
DNA polymerase I) created by the Haelll-Clal linker fusion 
in Toto2. Toto3 has eight extra G's preceding the Sindbis 
virus sequences. Toto5, derived from Toto3, had all but one 
extra G removed. The fragment from Tolo3 containing the 
SP6 promoter and the 5'-terminal 125 nt of Sindbis virus (to 
a Hindlll site at position 125) was first subcioned into irANS 
(W. C. Hollifield et al., unpublished data). This clone, called 
ttKI, has an unique Rsal site 14 nt downstream from the 
Sindbis virus 5' terminus and an unique Hphl recognition 
sequence in the SP6 promoter (see above). A pair of com- 
plementary synthetic oligonucleotides, corresponding to the 
Sindbis virus 5' terminus through nt 14, was ligated to Rsal- 
and //pAI-digested and T4 DNA polymerasc-treated irKl. 
The resulting clone, TrK2, was verified by sequence analysis, 
and the SP6 promoter-Sindbis virus 5 '-terminal sequences 
were recloned into Toto3 to give Toto5. 
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FIG. 1. Structure of full-length cDNA clones of Sindbis virus. The open arrow denotes the SP6 RNA polymerase promoter. Extraneous 
sequences preceding the Sindbis virus sequences are indicated. The first and last four nucleotides of Sindbis are shown. All clones have a 3' 
poly(A) tract ca. 35 nt long. The sequence between the poly(A) tract and the 55/1 site used for runoff transcription is shown. All clones 
consisted of HRsp cDNA except the HR-derived sequences in TotolO and TotolOOO, indicated by filled-in bars extending from Clal 2713 to 
BssHU 9804. TotolOOO contains an additional substitution from fl^^HIl 9804 to Sstll 11484 of HRsp cDNA (open bar). The open bar in Toto50 
indicates HRsp-derived sequences, from Clal 2713 to Spe\ 5262, from an independent HRsp cDNA clone. The coding regions of the viral 
proteins are outlined at the bottom of the figure (nucleotide positions are indicated in kilobases). The plasmid beta-lactamase gene and replicon 
arc not shown. 



A derivative of Toto5 was made by substituting the Clal 
(nt 2713) to Spel (nt 5262) region of Toto5 with that from an 
independent subclone (of the Hindlll [nt 1302] to HindUl (nt 
6267] region) of cDNA from Sindbis virus HRsp to produce 
Toto50. Similarly, the Clal to Spel fragment from Sindbis 
virus HR cDNA was used to replace the corresponding 
region of Toto5 to give TotoSCS. The same Clal to Spel 
fragment of Sindbis virus HRsp cDNA was used to replace 
the corresponding region of Toto3 to give Toto30. The Clal 
(nt 2713) toAvrH (nt 4280) region of Toto5 was replaced with 
Sindbis virus HR cDNA from TotollOl (see below) to give 
Toto5CA. Subclones of Toto5 were made for smaller substi- 
tutions between the Clal and Avrll sites. Two fragments of 
Toto5, from ///VzdIII (nt 1302) to BamHl (nt 4633) and from 
Bglll (nt 2288) to BamHl (nt 4633), were cloned in ttAN7 
(46), Various regions of the two subclones were replaced 
with corresponding regions from the Hindlll subclone of 
HRsp cDNA (see above). The Clal (nt 2713) or BglU (nt 
2288) to Avrll (nt 4280) fragment from the resulting clones 
was then used to replace the corresponding region of Toto5 
to produce the clones Toto5CP, Toto5CN, Toto5BN, 
Toto5NT, Toto5PT, Toio5Bs, and Toto5TA (see Results and 
Table 2). 

The Clal (nt 2713) to BssHll (nt 9804) interval of Toto5 
was also replaced with the corresponding Sindbis virus HR 
cDNA. transformants were screened for clones that pro- 



duced infectious transcripts, and one such clone was called 
TotolO. The BssHU (nt 9804) to Ssill (nt 11484) interval of 
TotolO was further replaced with Sindbis virus HRsp cDN A, 
and transformants were screened for clones that gave infec- 
tious transcripts, one of which was called TotolOOO. TotolO 
and TotolOOO are therefore hybrids of Sindbis virus HRsp 
and HR (Fig. 1). 

A plasmid clone, called 'irnsP4Cl, consisting of the Accl 
(nt 7492) to Ncol (nt 8038) region of TotolOOO cloned in 
ttAN7, was digested with Rsal (nt 7611) and ligated in the 
presence of 43 mM Xbal linker (pTCTAGA). After transfor- 
mation, clones that contain the Xbal linker were selected by 
digestion with Xbal, isolation of linear DNA, ligation, and 
retransformation. A representative clone, ttCIR, with a 
single Xbal linker inserted at Rsal (nt 7611) was then 
extended in the 5' direction by cloning in the HindUl (nt 
6267) to Accl (nt 7492) interval from TotolOOO. The resulting 
clone, iTnsP4CR, contains unique Hpal (nl 6919) and Aarll 
(nt 7999) sites, which were used to excise the Xbal linker- 
containing fragment for replacement into TotolOOO to give 
Totol002. 

XTotollOl, a lambda phage clone of a fuli-Iength copy of 
the Sindbis virus genome downstream from the SP6 pro- 
moter, was constructed from \gtW£5-\B (41) by replacing 
the Ssil'Xhol region (\ positions 25881 to 33498) with the 
55/1 to Xfwl fragment of TotollOl containing the SP6 
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promoter and the Sindbis virus genome (TotollOl is derived 
from TotolOOO by replacing the 3' Sstl site used for runoff 
transcription with a Xhol site). 

Toto tsl.l was constructed by replacing the Narl (nt 7870) 
to MstU (nt 8892) region of TotolOOO with the corresponding 
region from a cDNA clone of /52 designated /52A (this clone 
was produced as described in reference 44 and contains the 
ts2 RNA sequence from the HindUl site at nt 6267 to the 
poly(A) tail, and it was generously provided by C. S. Hahn). 
The presence of the putative is2 mutation (27) in the result- 
ing clone was verified by chemical sequence analysis. 

In vitro transcription and capping. RNA transcripts were 
synthesized in vitro by SP6 RNA polymerase with either 
supercoiled plasmid templates or plasmid DNAs digested 
with appropriate restriction endonucleases for production of 
runoflf transcripts. Reactions containing 40 mM Tris chloride 
(pH 7.6); 6 mM MgCb; 2 mM spermidine; 1 mM each ATP, 
CTP, UTP» and GTP; 100 p-g of nuclease-free bovine serum 
albumin per ml; 5 mM dithiothreilol; 500 U of human 
placental RNase inhibitor per ml; 400 U of SP6 RNA 
polymerase per ml; and 10 to 100 ^g of template DNA per ml 
were incubated at 38°C for 1 h (11, 36, 49). 5'-capped 
transcripts were produced by inclusion of 1 mM 
m'G(5')ppp(5')G or m'G(5')ppp(5')A cap analogs in the tran- 
scription reaction (34). Trace quantities of ^H-UTP or [a- 
^^P]CTP included in the transcription reactions allowed 
quantitation and gel analysis of the RNA transcripts. Incor- 
poration was measured either by trichloracetic acid precip- 
itation or by adsorption to DE 81 filter paper (Whatman, 
Inc., Clifton, NJ.) (47). Template DNAs did not need to be 
purified by banding on CsCl gradients, and several protocols 
for rapid plasmid and phage DNA preparation were satisfac- 
tory, provided that the template DNA was RNase-free and 
salt-free (11). Transcripts made from supercoiled plasmid 
DNA from minipreps were infectious. However, their spe- 
cific infectivities were variable, typically about 10-fold lower 
than the transcripts produced by runoff transcription. RNA 
products which comigrated with full-length runoff transcripts 
were found when either uncut lambda or supercoiled plasmid 
templates were used, and such products may result from the 
falloff of the SP6 polymerase in the poly(A) tract or shortly 
thereafter. For rapid assay of transcript infectivity or for 
production of virus stocks, the transcription mix was used 
directly for transfection (see below). For purified transcripts, 
the template DNA was removed by digestion with DNase I, 
followed by extraction with phenol-chloroform and ethanol 
precipitation. 

RNA transfection. Typically, confluent monolayers of sec- 
ondary CEF in 35-mm tissue culture plates (about 10^ cells) 
were used for transfection. After washing once with Eagle 
minimal essential medium with Earle salts (MEM) without 
serum, the cells were incubated with 1.5 ml of MEM 
containing 50 mM Tris chloride (pH 7.3) (at 25**C) and 200 jig 
of DEAE dexlran per ml (average molecular weight, 500 
kilodaltons IkDaJ; Sigma Chemical Co., St. Louis, Mo.) for 
15 to 60 min at 37X. This medium was removed and 200 p.1 
of RNA or transcription mix (diluted in phosphate-buffered 
saline) was added to the cells and incubated at room tem- 
perature for 15 to 60 min with occasional rocking. PFU were 
quantitated by overiaying the monolayers with 2 ml of 1.2% 
agarose (SeaKem; FMC Corp., Marine Colloids Div., 
Rockland, Maine) in MEM and 2% fetal calf serum followed 
by incubation at 37°C for wild-type stocks or at 30 and 40°C 
for is mutants. Plaques were visualized by staining with 
neutral red or crystal violet after 24 to 48 h (37 or 40°C 
incubation) or 48 to 72 h (30°C incubation). For production of 



virus stocks, the transfection mix was removed and the cells 
were incubated with 2 ml of MEM containing 2% fetal calf 
serum for 24 (37T) or 48 h (30°C). 

RNA gel analysis. Monolayers of secondary CEF ceils 
were infected with Sindbis virus stocks at a multiplicity of 
infection of 20 PFU per cell. Virus-specific RNA was labeled 
in the presence of MEM containing 1 ^.g of actinomycin D 
per ml and 20 jxCi of pHJuridine per ml from 3 to 6 h 
postinfection. Cytoplasmic RNA was isolated, denatured 
with glyoxal and dimethylsulfoxide, and analyzed by elec- 
trophoresis in 1% agarose gels (47). 

Analysis of 5' and 3' termini of transcripts and virion RNAs. 
For 5'-end analysis, in vitro transcripts were labeled by 
transcription in the presence of [a-^^P]ATP. Virion RNAs 
were labeled in vivo with ^^P04. Cells were infected with 
Sindbis virus HRsp or virus derived from Toto50 and incu- 
bated with phosphate-free MEM and 3% chicken serum. At 
5 h postinfection, 100 ^iCi of ^^P04 per ml was added, and the 
infection was allowed to proceed for an additional 9 h. The 
virus was purified, and the virion RNA was extracted (see 
above). For 3'-end labeling, |5'-^^P]pCp was first synthe- 
sized with 3' CMP and crude [r^'PJATP (7,000 Ci/mmol, 200 
M-Ci/jil; ICN Pharmaceuticals Inc., Irvine, Calif.). The reac- 
tion contained 3 jjlI of crude [^--^^PJATP, 4.5 nmol of 3' CMP, 
and 5 U of T4 kinase in a final volume of 5 |xl and was 
incubated for 6 h at 37^, after which it was judged to be 
essentially complete by ascending chromatography on poly- 
ethyleneimine cellulose (developed in 2M sodium formate, 
pH 3.5). Approximately 0.5 pmol of either virion RNA or in 
vitro transcripts was 3'-end labeled with the crude [5'- 
-^^P]pCp and T4 RNA ligase (21). The reactions contained 25 
mM Tris chloride (pH 8.3), 7 mM MgCl., 20 mM dithiothre- 
itol, 1 mM ATP, 15% dimethyl sulfoxide, 70 mCi of [5'- 
^2p]pCp per ml, 1,000 U of T4 RNA ligase (Bethesda 
Research Laboratories. Inc., Gaithersburg, Md.) per ml, and 
200 fig of RNA per ml and were incubated at 4°C for 20 h. 
The end-labeled RNAs were recovered by ethanol precipi- 
tation after extraction with phenol and chloroform. The 
labeled RNAs were further purified by two selections with 
oligo(dT) cellulose (Pharmacia, Inc., Piscataway, N.J.) by 
following the directions of the supplier. RNA samples con- 
taining 10 fjLg of carrier tRNA were digested with 1 U of 
RNase T2 at 50°C for 1 h in 50 mM NH4OAC (pH 5.3). The 
digestion products were spotted onto cellulose plates and 
separated by two-dimensional thin-layer chromatography (34). 

Protein analysis. For comparison of structural and 
nonstructural proteins of parental virus strains and stocks 
derived from infectious transcripts, secondary CEF cells 
were infected at a multiplicity of infection of 20 to 50 
PFU/cell. At 3 h postinfection, cells were labeled in meihi- 
onine-free media containing 20 jiCi of L-[^^S]methionine per 
ml (ICN translabel) for 1 h. Proteins in ;52-infected cells or in 
cells infected with virus derived from Toto/.v2.1 were labeled 
from 7 to 8 h (30°C) or 6 to 7 h (40"C) postinfection. Cell 
extracts were prepared by washing the monolayers twice 
with ice-cold phosphate-buffered saline and by lysis of the 
monolayer with 0.5% sodium dodecyl sulfate containing 40 
fjLg of phenylmethylsulfonyl fluoride per ml. Samples were 
electrophoresed on 10% discontinuous sodium dodecyl sul- 
fate-polyacrylamide gels (37), treated for fluorography (39), 
and exposed to X-ray film. Sindbis virus-specific structural 
and nonstructural protein standards were prepared by im- 
munoprecipitation (63) with monospecific polyclonal rabbit 
anlisera to each of the proteins (63); aniisera to nsPl, nsP2, 
nsP3, and nsP4 were generously provided by W. Reef 
Hardy, California Institute of Technology, Pasadena. 
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RESULTS 

Infectious in vitro transcripts of Sindbis virus cDNA clones. 

We constructed full-length cDNA copies of the Sindbis virus 
RNA genome, positioned downstream from the SP6 RNA 
polymerase promoter, such that transcripts have either 198 
nl (Totol), 48 nt (Toto2), 8 G's (Toto3, Toto30), or a single 
G (Toto5, TotolO, TotoSO, TotolOOO) preceding the Sindbis 
virus-derived sequences (Fig. 1; Materials and Methods). 
The clones may be linearized at a Sstl site 3' of the poly(A) 
sequences of Sindbis virus for runoff transcription in vitro. 

Although a substantial proportion of the in vitro tran- 
scripts derived from Totol, Toto2, Toto3, and Toto5 tem> 
plate DNAs appeared to be full-length (e.g.. Fig. 2) and 
contained poly(A) (data not shown), they were not infec- 
tious. Since Toto5 has only a single extra G at the 5' 
terminus, we suspected that our inability to produce infec- 
tious transcripts might be due to the presence of one or more 
lethal mutations in the Sindbis virus cDNA clone. Since 
Toto5 contains a number of unique restriction sites in the 
Sindbis virus sequences, we used these sites to replace 
defined intervals of the Sindbis insert of Toto5 with cDNA 
derived from an independent HRsp cDNA clone. One of the 
resulting clones is called Toto50 (Fig. 1). Similariy, TotolO 
and TotoKXK) contain large regions which have been re- 
placed with cDNA derived from Sindbis virus strain HR. In 
vitro runoflF transcripts of TotolO, Toto50, TotolOOO (Fig. 2), 
and XTolollOl (see Materials and Methods) produce infec- 
tive centers when transfected into CEF, suggesting that 
Toto5 contains one or more lethal mutations in the replaced 
regions (see below). Table 1 shows that the infective centers 
must be derived from RNA transcripts of the cDNA clone, 
since the DNA template is required only for the transcription 
step and is dispensable after transcription, when infective 
center formation becomes sensitive to RNase A. Under 
these conditions, the DNA is not infectious. The cap analog, 
m^G(5')ppp(5')G, was included during transcription so that 
the resulting transcripts would contain a 5' cap (34). The 

1 2 3 4 5 6 




FIG. 2. In vitro transcripts. RNAs isolated from the transcrip- 
tion reactions described in Table 1 were denatured with glyoxal and 
DMSO and electrophoresed on a 1% agarose gel. Lanes: 1 to 3, 
transcription products made in the presence of m'G(5')ppp(5')A, 
m^G(5')ppp<5')G, and no cap, respectively; 4. RNase A digestion 
after transcription; S, DNase I digestion after transcription; 6, 
DNase 1 digestion before transcription. The markers are indicated 
and correspond to Sindbis virion RNA (11.7 kb) and a 4.1-kb SP6 
premature transcription product (present in minor amounts in lanes 
1 to 3 and 5) which comigrates with Sindbis virus 268 RNA 
(unpublished observation). 



TABLE 1. Infectiousness of in vitro transcripts of TotolOOO 



Complete [m^G(5')ppp(5')Gl 4.0 x lo* 

m^G(5')ppp(5')A 1.1 X 10'* 

No cap analog ij x 10^ 

DNase 1 before transcription 0*^ 

DNase I after transcription 1.0 x 10^ 

RNase A after transcription 0*" 



" Complete SP6 transcription reaction [including m^G(5')ppp(5')G; see 
Materials and Methods) except for the modifications listed. Dilutions of the 
transcription mixes were used directly for transfcclion. 

PFU produced per ^tg of transcribed RNA. Titrations were done in the 
range of 0.1 ng to 1 jig of RNA. Values of PFU/jig were extrapolated from 
titrations in the range of 1 to 10 ng of RNA. 

*' Less than 1 PFU in the entire transcription reaction (the usual yield was 
1 to L2 \Lg of transcripts when the template was not pretreated with DNase I). 

specific transfectiviiy of the capped transcripts is about 
10-fold less than that of 49S RNA (1 x 10^ to 4 x 10^ 
PFU/jjig) extracted from Sindbis virions, even when the 
fraction of apparently full-length transcripts was accounted 
for. The lower specific infectivity of the in vitro transcripts 
could be due to nonviral nucleotides at the termini of the 
transcripts (see below) or the presence of incomplete, pre- 
mature falloflf products from transcription, despite the ob- 
servation that some of the transcripts appear full length on 
agarose gels. 

Although the in vitro transcripts are expected to initiate 
with G, we find little difference in the specific transfectiv- 
ity of transcripts made in the presence of the cap ana- 
logs m''G(5')ppp(5')G and m^G(5')ppp(5')A. The transcripts 
made in the presence of m^G(5')ppp(5')G are indeed capped, 
as demonstrated by analysis of the 5' ends (34) and by the 
fact that the specific transfectivity of transcripts made in the 
absence of cap analogs is 100-fold lower. Direct evidence for 
incorporation of the m^G(5')ppp(5')A cap analog was not 
obtained since the Gp spot obscured the m^G(5')ppp(5')Ap 
spot in our two-dimensional separations. Additional nucleo- 
tides at the 5' end of the transcripts seem to be deleterious, 
since Toto30 transcripts, identical to Toto50 transcripts 
except for having 8 extra G-'s at the 5' terminus, were not 
infectious (<1 infectious center per ^JLg of RNA). 

Properties of virus derived from transcripts of the cDNA 
clones. Virus stocks derived from transfection with in vitro 
transcripts have efficiencies of plating at 30, 37, and 40X 
that are indistinguishable from the parental Sindbis virus 
strains. Toto50. like its parental Sindbis virus HRsp strain, 
gave small plaques. Plaque sizes of TotolO and TotolOOO, 
which are hybrids of Sindbis virus HRsp and HR (Fig. 1), 
were intermediate between those of Sindbis virus HRsp and 
HR. Presumably, one or more determinant(s) affecting 
plaque size maps in the Clal (nt 2713) to BssHU (nt 9804) 
interval (which encompasses most of nsP2 through to near 
the end of E2). 

RNA of virus derived from infectious transcripts. Both the 
intracellular, virus-specific RNA species from transfected 
cells and the virion RNAs of purified virus derived from in 
vitro transcripts are indistinguishable from that of Sindbis 
virus by gel electrophoresis after denaturation (results not 
shown). Transfection efficiencies of virion RNAs of Toto- 
derived stocks were comparable to 49S virion RNA of the 
parental Sindbis virus. 

We analyzed virion RNAs labeled in vivo with ^^P, de- 
rived from either HRsp or TotolOOO, by two-dimensional 
chromatography after complete digestion with RNase T2. 
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The patterns were indistinguishable. However, because of a 
high background of unidentified nucleosides, neither 
m^G(5')ppp(5')Ap, m'G(5')ppp(5')Gp, nor pppGp could be 
unambiguously identified (data not shown). Thus, if tran- 
scripts containing an extra G residue are infectious, it is 
unknown whether this residue is eliminated in subsequent 
amplification in vivo. The 3'-terminal nucleotides were ana- 
lyzed in the same manner after enzymatic labeling of the 
transcripts or virion RNAs with [5'--^^P]pCp and RNA ligase, 
purification on oligo(dT) cellulose, and digestion with RNase 
T2. The HRsp and TotolOOO-derived virion RNAs gave 
identical patterns, with only A being labeled, whereas the 
transcripts from TotolOOO contained heterogeneous 3' ter- 
mini (data not shown). This heterogeneity is presumably due 
to alternative runoff of the SP6 polymerase at the 3' over- 
hang generated by 55/1 cleavage (49). It is not known 
whether the absence of heterogeneous 3'-terminal nucleo- 
tides in TotolOOO virion RNAs results from elimination of 
extra bases during replication or selective replication of 
transcripts without extra nucleotides [possibly produced by 
falloff of the SP6 polymerase in the poly(A) tract]. 

Proteins of virus derived from infectious transcripts. The 
intracellular virus-specific proteins in cells infected with 
HRsp, HR, TotolO. Toto50, and TotolOOO are compared in 
Fig. 3. The structural protein patterns are essentially identi- 
cal, with PE2, El, and C clearly resolved. These proteins 
have been shown to be immunoprecipitable with antisera 
which are monospecific for each of the virion structural 
proteins (data not shown). Of note is a strain variation 
affecting the migration of PE2. PE2 of HRsp migrates 
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FIG. 3. Structural and nonstructural proteins from parental and 
in vitro-derived Sindbis strains. CEF monolayers infected with 
Sindbis virus strains HR, ToiolO, TotolOOO, HRsp, or Toto50 or 
mock infected (lanes 1 to 6, respectively) were pulse-labeled with 
L-|^^S]methionine from 3 to 4 h post-infection. Lysates were run on 
a 10% sodium dodecyl sulfate-polyacrylamide gel. Immunoprecipi- 
tates of a Sindbis virus-infected lysate with antisera specific for 
nsPl, nsP2, nsP3, and nsP4 were run in lanes 7 to 10. respectively. 
The positions of structural protein precursors and nonstructural 
proteins are indicated in the left and right margins, respectively. A 
longer exposure of lanes 1 to 6, to intensify the bands of the 
nonstructural proteins, is shown at the right of the figure. 



slightly faster than PE2 from HR, and as shown in Fig. 3, the 
PE2 of virus derived from TotolO and TotolOOO comigrates 
with the HR PE2, whereas the PE2 of virus derived from 
TotoSO migrates faster and comigrates with the HRsp PE2, 
reflecting the source of the PE2 cDNA sequences. 

The nonstructural proteins made by virus derived from 
TotolO, Toto50, and TotolOOO are indistinguishable from 
those of parental Sindbis virus strains. Although only nsP2, 
nsP3. and nsP4 can be identified in Fig. 3, the presence of 
nsPl (which comigrates with PE2) and nsP4 (present in very 
small quantities and migrating slightly faster than nsP3), as 
well as that of nsP2, nsP3, and nsP34, has been verified by 
immunoprecipitation (G. Li, unpublished data) with mono- 
specific antisera to nsPl, nsP2, nsP3, and nsP4 (W. R. Hardy 
and J. H. Strauss, manuscript in preparation). 

Mapping of TotoS defect. As mentioned above, the full- 
length Sindbis virus cDNA clone, Toto5, did not yield 
infectious RNA transcripts. We suspected that the Sindbis 
virus sequences in TotoS contained a lethal mutation(s), 
perhaps generated during cDNA cloning. This theory was 
tested by the following strategy, which serves as an example 
of how an infectious clone can be used to map a specific 
phenotypic marker {in this case a lethal mutation). Individual 
segments of TotoS, flanked by unique restriction sites, were 
replaced with corresponding segments from independent 
cDNA clones of Sindbis virus HRsp or HR. Of a number of 
replacement clones tested, infectious in vitro transcripts 
were obtained when the Clal (nl 21\3)-Spe\ (nt 5262) interval 
of TotoS was replaced by that from HRsp cDNA or when the 
Clal (nt 2713)-AvtII (nt 4280) interval was replaced by that 
from ToiolO(X) (Table 2). Infectious transcripts were not 
obtained with replacement of other regions (results not 
shown). Thus, TotoS contains one or more lethal mutations 
in the Clal (nt 2713)-AvrII (nt 4280) region. Since this 
interval does not contain additional unique restriction sites, 
subclones of it were made, such that some of the sites in the 
interval are now unique in the subclones. These sites were 
then used for substituting smaller fragments of HRsp cDN A 
into TotoS sequences, after which the Clal-Avrll fragment 
was recloned into TotoS, resulting in TotoS derivatives 
containing small sequence replacements. Of a number of 
such derivatives tested, only the Cla\ (nt 2713)-/'v//II (nt 
3103) segment rescued TotoS (clone TotoSCP; Table 2). 
Sequence analysis of this region showed that TotoS has 2 
base changes relative to TotoSO and TotolOOO, at positions 
2824 (a C to T change leading to substitution of nsP2 Ala-382 
of TotoSO by Val in TotoS) and 2992 (a T to C change leading 
to substitution of nsP2 Leu-438 of TotoSO by Pro in TotoS). 
The sequence of Sindbis virus (74) at position 2992, derived 
from the same cDNA clone used to construct TotoS, is that 
of the mutant and must be amended to a U. The two base 
changes are on either sides of a Ncol site (nt 2976), which 
was used to construct TotoSCN and TotoS NT, which have 
single mutations at nucleotides 2824 and 2992, respectively. 
Neither clone gave infectious in vitro transcripts (Table 2). 
We conclude that TotoS contains two lethal point mutations. 

Marker rescue of the temperature-sensitive mutation of ts2. 
To demonstrate the utility of this approach for mapping is 
mutations, we replaced the capsid sequences of TotolOOO 
with cDNA containing the ts2 mutation to produce a plasmid 
called Toto ts2A (see Materials and Methods). fs2 is in 
RNA^ complementation group C. Sequence analysis of 
cDNA clones derived from ts2 as well as from a tempera- 
ture-insensitive revertant suggested that the ts2 phenoiype 
resulted from a C to U transition at position 701 of the 26S 
mRNA, such that serine is substituted for proline at residue 
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TABLE 2. Clones used to map mutations in Tolo5" 


Clone 


Toro5 sequence replaced* 


Rescue*' 


Toio50 


Cial 2713'Spel 5262 


+ 


Toto5CS 


C/fll 2713-5/7^1 5262 


+ 


TotoSCA 


Cial im-Avrll 4280 


+ 


Toio5CP 


C/fll im-Pvull 3103 


+ 


Toto5CN 


Cial 21U-Ncfl\ 2976 




ToioSBN 


BgiU 22BS-Ncol 2976 




Toto5NT 


Ncoi 2976-r//illlI 3912 




Toto5PT 


Pvull 3103-raillI 3912 




Toto5Bs 


BstXl 3441-Bj/XI 4175 




Toto5TA 


mini 39n-AvrU 4280 





occ OTdicnajs ana ivicinoas ror construction of these clones. 

* Donor sequences were from HRsp cDNA, except that HR cDNA was 
used for TotoSCS and Toto5CA. 

' Transcripts of the clone were infectious ( + ) or noninfectious (-). Base 
changes in Toto5 relative to Toto50 or TotolOOO are at nt 2824 and nt 2992. 
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218 of the capsid protein (27). At the nonpermissive temper- 
ature (40*'C), ^52 is defective in cotranslational cleavage of 
the capsid protein from the nascent structural poiyprotein 
translated from 26S mRNA, resulting in the accumulation of 
a 130-kDa poiyprotein. Monolayers were transfected with 
dilutions of RNA transcribed from Toto ts2.l and incubated 
at either WC (the permissive temperature) or 40T (the 
nonpermissive temperature). Plaques were observed at 30°C 
but not at 40°C. The virus stock derived from these infec- 
tious transcripts was clearly temperature sensitive, having 
an efficiency of plating at 40X/30°C of <2.7 x 10~^ We 
examined the ability of this virus to complement repre- 
sentative ts mutants from several other complementation 
groups. The results in Table 3 show that the virus derived 
from Toto /j2.1 complements all four of the RNA" 
complementation groups but does not, as expected, comple- 
ment ts2. 

Figure 4 shows the Sindbis virus proteins extracted from 
cells infected with HRsp, ts2, or virus derived from TotolO, 
TotolOOO, or Toto ^52.1 and pulse-labeled at the permissive 
and nonpermissive temperatures. The patterns of both ts2 
and Toto /j2.1 are essentially similar to those of the parental 
viruses at 30°C, but at 40*^0, both viruses produce a promi- 
nent species of about 130 kDa characteristic of ts2 and with 
greatly diminished quantities of the cleaved structural pro- 
teins. These polypeptides are virus specific, as demonstrated 
by their absence from patterns of mock-infected monolayers 
(Fig. 4) and by immunoprecipitation with antisera specific 
for the structural proteins (data not shown). It is of interest 
that while both TotolOOO and ^52, parents of Toto /52.1, 
produce large plaques at 30°C, the virus derived from Toto 
tsl.l has significantly smaller plaques. These different 
plaque phenotypes of the ts2 mutation placed on different 
genetic backgrounds raise the possibility that during selec- 
tion or propagation of ts2, secondary mutations were se- 



TABLE 3. Complementation analysis of virus derived 
from Toto /52.1 





Complementation index" wiih complementation group: 


Virus 






C 




A(/j24) B(/j11) F(/j6) G(fjl8) 










ts2 


Toto /j2.1 


is2 


3 306 219 27 


1 


1 


Toto ts2A 


7 212 77 32 


1 


1 



* Complementation index at AQTC (73) defined as yield of the mi.xed infection 
divided by the sum of the yields of the individual infections. Numbers are 
rounded to the nearest integer. 



FIG. 4. Proteins made by ts2- and Totorj2.1-derivcd virus. Vi- 
rus-infected (10, TotolO; 1000. TotolOOO: is2. Sindbis virus ts2 
mulani; ts2.1, Toio/j2.1) or mock-infected (mock) cells were incu- 
bated at either 30 or 40°C and pulse-labeled with L-[^^S]methionine 
at the same temperatures from either 7 to 8 h (30X) or 6 to 7 h (40T) 
postinfection. Lysaies were run on a 10% sodium dodecyl sulfaie- 
polyacrylamide gel. The positions of C, PE2, El, and the protein 
characteristic of the ts2 mutant (ts2; ca. 130 kDa) are indicated in the 
left margin. 



lected on the basis of either larger plaque morphology or a 
selective growth advantage or both. 

In vitro mutagenesis of TotolOOO: formal evidence for 
infectious in vitro transcripts. We inserted a 6-base-pair 
TCTAGA Xbal linker in the Rsal site 14 nt 3' of the 26S 
mRNA transcription start (56, 62). Transcription of this 
clone, called Totol002, produced infectious RNA. The virus 
derived from Totol002 retains the Xbal recognition se- 
quence (Fig. 5), providing formal proof that viruses recov- 
ered after transfection of cells are indeed derived from in 
vitro transcripts. Using the assays described above, we 
found that the virus is essentially wild type except for a slight 
underproduction of 26S mRNA relative to 49S RNA. 

DISCUSSION 

We constructed full-length Sindbis virus HRsp and HRsp- 
HR hybrid cDNA clones that can be transcribed in vitro to 
produce infectious transcripts. Cells transfected with the 
transcripts produce virions that are indistinguishable from 
Sindbis virus and that retain strain-specific phenotypes re- 
flecting their genetic origin. As has been found for other 
viruses whose virion RNAs are normally capped (1, 16). 
capping of in vitro-synthesized Sindbis virus transcripts 
enhanced their infectiviiy. Most transcripts synthesized in 
the presence of m'G(5')ppp(5')G are capped and include an 
extra G residue at the 5' terminus. In addition, most of the 
transcripts contain extra 3' terminal nucleotides. The spe- 
cific infectivity (PFU/ixg of RNA) of the transcripts is about 
10% of that of virion RNA. The RNA recovered from 
Sindbis virions derived from the Toto clones appears to have 
at least the same 3' termini as RNA from HR or HRsp virus. 
Thus, if molecules containing these extra nucleotides are 
infectious, the extra nucleotides are somehow selectively 
deleted during virus replication. The eight extra G residues 
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FIG. 5. Sequence of 26S mRNA 5' untranslated region of 
TotolOOO and Totol002. Discrete primer extension products of 
intracellular RNA from either TotolOOO- (1000) or Totol002- (1002) 
infected cells corresponding to the 5' end of 26S RNA were isolated 
and sequenced (see Materials and Methods). Dashes in the TotolOOO 
ladder indicate the Rsal site used for insertion of the Xbal linker in 
Totol002. The linker sequence in the Totol002 ladder is indicated, 
i.e., 3'-AGATCT-5', 



at the 5' terminus of TotoBO led to inactive transcripts. Thus, 
Sindbis virus seems to be more sensitive to extraneous 
5'-terminal sequences than are certain other RNA viruses. In 
the case of poliovirus cDNA clones transcribed with T7 
RNA polymerase, the in vitro transcripts showed a 50-foId 
increase in specific infectivity (to 5% of that of virion RNA; 
81) when 58 extra nucleotides at the 5' terminus (leaving 2) 
and 619 extra nucleotides at the 3' terminus (leaving 7) were 
removed. In vitro transcripts of cDNA clones from another 
picornavirus, human rhinovirus 14, are infectious even 
though they contain 21 additional 5'-terminal nucleotides 
(52). For black beetle virus, RNA 2 transcripts containing 20 
extra 5' nucleotides are infectious, but in this case, their 
removal does not increase specific infectivity (16). It is 
possible that engineering Sindbis virus in vitro transcripts 
with proper 5' and 3' termini may yield specific infectivities 
closer to those of virion RNA. 

Mapping of mutant phenotypes. The cDNA clones of 
Sindbis virus can be used to define precisely the sequence 
changes responsible for the phenotype of any Sindbis virus 
variant by the strategy of exchanging segments of the 
wild-type clone with cDNA of the variant and determining 
the phenotype of the resulting clones (33, 38, 54, 59). 
Complex phenotypes due to multiple sequence changes 
(e.g., ts24\ 65, 66) may be identified as such and dissected 
into single changes whose individual contributions can be 
determined. The mapping of the two lethal mutations of 



Toto5 illustrates this approach. The strategy is feasible 
whenever two strains of virus are closely related enough to 
share usable restriction sites for exchanging segments. Al- 
though Sindbis virus HRsp was derived from HR and 
subsequently propagated separately, and although HRsp and 
HR are known to difiFer at a number of nucleotide positions, 
we have not found any differences in the restriction maps of 
their cDNAs. 

The infectious Sindbis virus cDNA clones may be used to 
map a number of interesting phenotypes of Sindbis virus. 
These phenotypes include mutants which affect virion mor- 
phogenesis (72), host range (35), virulence in neonatal mice 
(17, 53), enhanced neurovirulence in adult mice (26), 
cytopathogenicity (84), actinomycin D resistance (3), im- 
munodominant epitopes on the envelope glycoproteins, and 
the ability to grow in low concentrations of methionine in 
mosquito cells (20). We have also begun to map temperature- 
sensitive mutations in each of the four RNA~ complementa- 
tion groups. 

~ An important advantage of this approach is that any 
mutation that is mapped is also preserved as a DNA cloiie, 
with a correspondingly much lower mutation rate (32). The 
mutation is also placed upon a known genetic background. 
This placement makes possible the study of subtle effects of 
the mutation and of the interaction between a mutation and 
a particular genetic background and allows the facile con- 
struction of viruses with multiply defined mutations. The 
smaller plaque size of virus derived from Toto tsl.l when 
compared with the ts2 or the TotolOOO parents provide initial 
evidence that the genetic background can be important. 

Study of structure-function relationships via site-directed 
mutagenesis. The cDNA clones may be muiagenized by any 
of a number of methods to generate transcripts with novel 
mutations, i.e., lethal, viable or conditional, which can be 
studied both in vivo and in vitro (5, 7, 19, 28, 45, 51 , 64). The 
characterization of these mutants, in conjunction with the 
traditionally derived mutants, will further our understanding 
of the molecular biology of Sindbis virus. In addition to 
Totol002 described here, we have constructed a set of 
single- and multiple-codon insertion mutations of the 
nonstructural protein genes and are characterizing the rep- 
lication of the corresponding mutant viruses. The structural 
proteins of Sindbis virus are better understood, and current 
experiments include the targeted mutagenesis of the capsid 
protein to define the amino acid residues responsible for its 
autoprotease activity (27; C. Hahn and J. H. Strauss, per- 
sonal communication). 

Thus far, essentially all of the revertants of Sindbis virus ts 
mutants derived by chemical mutagenesis (single-base sub- 
stitutions) are true revertants resulting in restoration of the 
wild-type sequence. The insertion-deletion or multiple-base- 
change mutations that now can be introduced into the 
Sindbis virus genome should be less easily revertable, thus 
facilitating the selection of revertants with compensating 
mutations elsewhere in the genome. Mapping and character- 
ization of such second-site revertants should be extremely 
valuable in elucidating functional interactions between the 
nonstructural proteins and of the interactions of the 
nonstructural proteins with r/5-acting regulatory sequences. 
We have obtained revertants from a number of codon- 
insertion mutations in the nonstructural region and are 
screening them for true second-site revertants. Similar ap- 
proaches may be taken to study viral maturation to help 
define the interactions of PE2 with El, of E2 with El, and of 
capsid protein with the cytoplasmic extensions of the enve- 
lope proteins or with 49S RNA. 
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Other applications. The cDNA clones described here 
consist of functional cDNA copies of the nonstructural and 
structural protein genes of Sindbis virus. These sequence 
modules may be inserted into existing gene expression 
vectors to express large quantities of the corresponding 
proteins for in vivo and in vitro studies, as well as to provide 
irons complementation for the amplification and study of 
lethal mutations. A vaccinia vims recombinant that ex- 
presses the Sindbis virus structural proteins has been de- 
scribed previously (61). The structural proteins have also 
been expressed in yeast cells (85). 

Finally, given the rapid and high level of expression of its 
structural proteins. Sindbis virus can be used as a self- 
replicating gene expression vector. We have shown that 
Sindbis virus defective-interfering genomes can be used to 
express the bacterial chloramphenicol acetyltransferase 
{cat) gene (42). We show elsewhere that Sindbis virus, like 
brpmegrass mosaic virus (22) and tobacco mosaic virus (78), 
can be used to express efficiently the cat gene (C. Xiong et 
al., manuscript in preparation). 
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abstract Dengue virus is an enveloped positive-strand 
RNA virus with a genome kiiobases in length. The four 
serotypes of dengue virus are currently the most important 
members of the flavivirus family in terms of geographical 
distribution and the incidence of infection in humans. In this 
communication we describe successful cloning of a stable 
full-length cDNA copy of dengue type 4 virus that can be used 
as the template for in vitro transcription of infectious RNA. 
Evidence is presented that dengue virus recovered from per- 
missive cells transfected with the in vitro RNA transcripts 
retained a mutation that was engineered into full-length cDNA. 
The properties of the virus produced by cells transfected with 
infectious RNA transcripts of dengue cDNA resembled those of 
the virus from which the cDNA clone was derived. The dengue 
virus recombinant DNA system should prove helpful in gaining 
a better understanding of the molecular biology of dengue 
viruses and should facilitate the development of a safe and 
effective live vaccine for use in humans. 



The family Flaviviridae contains some 68 viruses most of 
which are arthropod-borne and cause disease of varying 
severity in humans or animals. The four dengue virus sero- 
types (types 1-4) of the flavivirus family form a distinct 
antigenic subgroup known as the dengue complex. In terms 
of geographic distribution and incidence of infection, dengue 
viruses rank highest among flavivimses (1). Although typical 
dengue illness is moderately severe, mortality is usually low. 
However, a life-threatening form of dengue disease with 
hemorrhagic fever or shock syndrome can occur under 
certain circumstances in young children. Because an effec- 
tive vaccine against dengue is still not available, the World 
Health Organization has designated the dengue viruses a 
priority area for accelerated vaccine development. Dengue 
viruses, like other flaviviruses, contain a positive strand 
RNA genome and three virus-coded structural proteins: the 
capsid (C) protein, the membrane (M) protein, and the 
envelope (E) glycoprotein. Virion RNA is capped at the 5' 
end but a poly(A) sequence is not present at the 3' end (2, 3). 
Virion RNA is infectious when inoculated into experimental 
animals or into cells in culture (4-6). Sequence information 
obtained from molecular cloning of nearly all major strains of 
flaviviruses has contributed much to our current understand- 
ing of flavivirus gene organization, expression, and replica- 
tion (7). Sequence analysis showed that the dengue type 4 
virus genome contains 10,646 nucleotides (nt); the first 101 nt 
at the 5' end and the last 384 nt at the 3' end are noncoding 
and the remaining sequences code for a 3386-amino acid 
polyprotein in the order of C-preM-E-NSl-NS2A-NS2B- 
NS3-NS4A-NS4B-NS5 (where the NS proteins are nonstruc- 
tural proteins) (8, 9). Several strategies of proteolytic cleav- 
age are employed to process the polyprotein into individual 
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proteins. For example, cleavage between C and preM, preM 
and E, or E and NSl is mediated by a host-cell signal 
peptidase ("signalase") (10, 11). Cleavage between NSl and 
NS2A- is effected by NS2A and requires an 8-amino acid 
sequence at the carboxyl terminus of NSl (12, 13). It appears 
that NS3 is a viral protease; however, it was recently 
observed that both NS2B and NS3 are required for the 
proteolytic processing of most of the remaining nonstructural 
proteins (14-16). 

Genetic analysis of positive-strand RNA viruses has been 
greatly facilitated by the use of recombinant DNA tech- 
niques. It was shown that cloned full-length cDNA of polio- 
virus is infectious for susceptible cells in culture (17). Sub- 
sequent studies showed that RNA transcripts produced in 
vitro from a poliovirus cDNA template were more infectious 
than the cDNA itself (18). RNA transcripts produced by in 
vitro transcription of cloned full-length cDNA derived from 
several other positive-strand RNA viruses (19-21) and, more 
recently, from yellow fever virus (22) have also been dem- 
onstrated to be infectious. One of the objectives of our 
dengue research has been to construct cloned full-length 
dengue virus cDNA that could serve as a template for 
infectious RNA transcripts. This would allow us to introduce 
specific mutations into the dengue virus genome at the cDNA 
level and isolate dengue virus mutants for biological studies 
and. potential use in a live virus vaccine for humans. In this 
study we describe the construction and cloning of a stable 
full-length dengue cDNA copy in a strain of Escherichia coli 
using the pBR322 plasmid vector. RNA molecules produced 
by in vitro transcription of the full-length cloned DNA 
template were infectious, and progeny virus recovered from 
transfected cells was indistinguishable from the parental 
virus from which the cDNA clone was derived. 

MATERIALS AND METHODS 

Cloning Subfragment and Full-Length cDNA of Dengue 
Virus. DNA segments spanning neariy the entire genome 
were initially cloned from a cDNA library of dengue type 4 
virus strain 814669 (virus kindly supplied by W. Brandt, 
Walter Reed Army Institute of Research, Washington) (23). 
These cDNA clones, used to establish the dengue type 4 
sequence, were joined to form full-length clone lA by shared 
restriction enzyme sites: namely, pF19 HindiU'^-Sst P^^* 
pE19 Sst V^^'-Sst pD20 Sst I'^'^^-Hae 11^^89 ^20 Hae 
W'^^-Hae II5«8^ pA9 Hae W'^^'^Xba pA28 Xba T^^^- 
///>idIII^829 3j^j pggj Hindin^^^-Hae W^^. The 5' and 3' 
subfragments used for replacement in the full-length clone 
were constructed from other independently isolated cDNA 
clones: clone 2 of the 5' half-fragment was joined by pF34 
HindUl*^-Sst pS15 Sst V^^'^Sst I^»", pD16 Sst P""- 
Spe and pD17 Spe V^^^-EcoRl^'^^ ; clone B of the 3' 
half-fragment was joined by pD13 BstB\^^^-Nco I*^^^, pX6 
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Nco V'^^^-Xba \^^\ and pK2 Xba V'^^^-Hae and clone 
C of the 3' subfragment by pD13 Bj/BI^-Nco I"^^ pXlO 
Nco l^^^^-Xba P^. and pKl Xba l^^^-Hae 11^0608 

The SP6 promoter sequence was positioned upstream of 
the 5' end of the dengue sequence as follows: the 287-base- 
pair (bp) Sau3Al fragment of pGEM-3 (nt 2618-37) 
(Promega) containing the SP6 promoter sequence (nt 2809- 
2867) was inserted at the Bgl II site created from the Pst I site 
of pBR322. A dengue cDNA fragment (nt 1-88) flanked by 
the Pst I cleavage sequence at its 5' end and the Bgl 11 
cleavage sequence at its 3' end was inserted between the Pst 
I and Bgl II sites downstream of the promoter sequence. 
Additional sequence between the SP6 transcription-initiating 
G residue and the first nucleotide of the dengue sequence was 
removed by oligonucieotide-directed mutagenesis in an M13 
cloning vector. Also, in the pBR322 plasmid, the cleavage 
sequence GGTACC for AspllS was engineered immediately 
following the dengue 3' end sequence. E. coli strain HBlOl 
was used for cloning dengue sequences from the cDNA 
library and for cloning intermediate-length cDNA. Strains 
HBlOl and DH5a were employed in the initial attempt to 
clone full-length cDNA. Successful cloning of fuli-length 
dengue cDNA was accomplished with E. coli strain BD1528 
(thy A, met'y nadBF, ung~ , gal', supE, supF, nsdR~, 
hsdM^; originally from B. Duncan, obtained through D. 
Nathans, Johns Hopkins University, Baltimore). 

In Vitro Transcription. Plasmid containing full-length den- 
gue cDNA was linearized by cleavage with A5p718 (Boeh- 
ringer Mannheim) followed by phenol extraction and ethanol 
precipitation. The linearized DNA template (2 /ig) was added 
to a transcription reaction mixture (50 ^tl) containing 40 mM 
Tris (pH 7.5), 6 mM MgClz, 10 mM NaCl, 10 mM dithio- 
threitol, 50 units of RNasin, and 0.5 mM each NTP 
(Promega). To incorporate a cap structure at the 5' end of 
RNA transcripts, m^G(5')ppp(5')G (0.5 mM) was also added 
to the reaction mixture, which was incubated at 37T for 1 hr 
(24). The RNA product was analyzed by agarose gel elec- 
trophoresis in Tris/borate buffer containing 0.1% SDS. RNA 
transcripts were visualized and quantitated by ethidium bro- 
mide staining. The transcription product was also treated 
with DNase or RNase to confirm that the infectious moiety 
of the transcription product was RNA. 

RNA Transfection. Simian LLCMK2 cells were grown in 
medium 199 supplemented with 10% fetal bovine serum. For 
transfection, subconfluent LLCMK2 cells in a 24-well plate 
were rinsed once with serum-free medium 199 and then 
covered with 0.3 ml of serum-free medium per well. The 
transfection mixture containing DNase-treated in vitro RNA 
transcripts (0.1-1 /xg) or virion RNA (0.01-0.1 fxg) in 17 /xl of 
0.02 mM Hepes buffer (pH 7.05) and 6 /xl of Lipofectin 
(Bethesda Research Laboratories) was mixed thoroughly and 
added to the medium. After incubation at 37''C for 12-18 hr, 
medium 199 plus 10% fetal bovine serum was added. Eight 
days after transfection, cells were trypsinized and transferred 
to a 6-well plate or to a chamber slide for an additional 2 days 
of incubation in the growth medium. Cells in the chamber 
slide were tested by immunofluorescence to detect the pres- 
ence of dengue antigens. Infected cells in the culture plate 
were collected together with the fluid medium, lysed by 
freezing and thawing, and used as the source of recovered 
dengue virus. 

Dengue Virus Characterization. Parental and recovered den- 
gue viruses were characterized for plaque phenotype on 
LLCMK2 cells (25). To analyze dengue virus proteins, con- 
fluent LLCMK2 cells in a 6-weIl plate were infected with 
parental or recovered virus at 0.2 plaque-forming unit per cell 
in medium 199 containing 2% fetal bovine serum. Six days 
after infection cells were metabolically labeled with ("S]me- 
thionine (50 fiCi per well; specific activity, 600 Ci/mmol; 1 Ci 
= 37 GBq) in methionine-free medium for 2 hr and the lysate 



was prepared in RIPA buffer for radioimmunoprecipitation 
using dengue virus hyperimmune mouse ascitic fluid (12). The 
immunoprecipitate was analyzed by SDS/12% PAGE (9). 

RESULTS 

Initial Attempt to Clone Full-Length I>engue DNA in Plas- 
mid pBR322 Containing the SP6 Promoter. A series of dengue 
cDNA inserts had been cloned at the Pst I site of pBR322 that 
spanned the entire length of the dengue type 4 virus genome 
(8, 9). These cDNA inserts were joined at shared restriction 
enzyme sites to form a full-length dengue DNA copy (lA) by 
using the same Pst I cloning site of pBR322. For in vitro 
transcription, the SP6 polymerase promoter sequence was 
placed at the 5' end preceding the dengue sequence. The 
DNA structure for the predicted 5' sequence of RNA tran- 
scripts is shown in Fig. 1. The A residue of the first dengue 
nucleotide was positioned immediately following the normal 
SP6 polymerase transcription-initiating G residue. The m^G 
cap structure that is present at the 5' end of the virion RNA 
was provided by incorporation of m'G(5') pppG(5') as a cap 
analog in the transcription reaction. Thus, the DNA template 
would yield an m^G-capped dengue RNA transcript contain- 
ing an additional G residue at the 5' terminus. To produce 
run-off transcripts, the template was linearized at the unique 
AspllS cleavage site immediately following the 3' end of the 
dengue sequence. As shown in Fig. 1, five additional nucle- 
otides are present in the template strand preceding the 
AspllS cleavage site. If transcription proceeded to the last 
nucleotide, the RNA transcripts would contain these five 
additional residues at the 3' terminus. 

In the eariier experiments in which E. coli HBlOl was 
employed as the host for transformation, we observed that 
full-length dengue cDNA was often unstable in the plasmid. 
Thus, dengue cDNA underwent rearrangement and many 
colonies had to be screened to isolate a clone of DNA with 
the predicted restriction enzyme digestion pattern. In an 
attempt to solve this problem, we examined stability of clone 
lA plasmid produced in other strains of E. coli. The highly 
transformation-competent strain DH5a and strain BD1528 
used in bisulfite-induced mutagenesis were compared with 
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- - -CGGCTA /iCTATAGAGTTGTTAGTCTGTG 
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Fic. 1. Terminal sequences of cloned fuIMength dengue virus 
cDNA used for transcription of infectious RNA. The full-length 
dengue virus cDN A (10,646 nt long) was cloned with the adjacent SP6 
promoter sequence (filled box) at the 5' end and the unique AspllH 
cleavage sequence (arrow) at the Pst 1 site of pBR322 plasmid. Note 
that there is one additional C residue at the position between 10,448 
and 10,449 and one additional G residue between 10,470 and 10,471, 
both of which were missing in the published dengue type 4 sequence 
(8). The template sequences for the predicted 5' terminus and 3' 
terminus of the RNA transcript are also shown. The SP6 polymerase 
transcription-initiating G is retained and is located preceding the 5' 
dengue sequence shown in bold letters. The Asp7l^ cleavage se- 
quence GGTACC is positioned immediately following the 3' dengue 
sequence also shown in bold letters. 
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strain HBIOI. We found that strain DB1528 produced trans- 
formants exhibiting a colony size 3-4 times larger than 
HBlOl transformants. More important was the observation 
that transformants of DB1528 generally yielded a plasmid 
with the predicted restriction enzyme pattern* suggesting that 
E. coli DB1528 was the strain of choice to produce stable 
clones of full-length dengue DNA. However, in vitro RNA 
transcripts made from such a fulMength dengue DNA clone 
(lA) were not infectious when tested by transfection of 
permissive cells in culture, whereas dengue virion RNA used 
as the positive control at a 100-fold lower concentration 
yielded infectious dengue virus as detected by indirect im- 
munofluorescence assay. 

Replacement of Dengue DNA Segments tn the FuU-Length 
Construct with Independently Derived DNA Clones. We rea- 
soned that the failure to produce an infectious RNA tran- 
script from the cloned dengue virus cDNA template might be 
due to the presence of one or more deleterious mutations in 
the full-length cDNA clone lA. Such mutations could pre- 
sumably arise from cloning of a defective genomic RNA in 
the virus stock or from a copying error during cloning and/or 
propagation of the plasmid. In an attempt to correct the 
defect in cDNA clone lA, we replaced dengue DNA seg- 
ments that might contain such deleterious mutations with the 
corresponding segments from independently cloned dengue 
cDNA. We adopted the strategy of cloning the 5' and 3' 
halves of the dengue cDN A sequence separately. The unique 
^5/BI site at nt 5069 was used to divide the full-length dengue 
sequence into two fragments, each representing —50% of the 
genome. A unique AspllS site was introduced at the Pst I site 
of pBR322 downstream of the BstEl site of the dengue 
sequence. For convenience, the 5' fragment of the first 
full-length clone containing the SP6 promoter was designated 
5'-l and the remaining 3' sequence between the BstB] and 
A.yp718 sites was designated y-A. A plasmid containing the 
second 5' fragment, 5'-2, was constructed from a second set 
of dengue cDNA inserts. This plasmid was also suitable for 
use as a cloning vector for insertion of a 3' fragment to yield 
a fulMength DNA construct. Two additional 3' fragments 
flanked by BstBl and AspllS sites, 3'-B and 3'-C, were also 
constructed from an independent series of dengue cDNA 
inserts (Fig. 2). Replacement of the 3' fragment in the first 
full-length clone lA with 3'-B or 3'-C fragments yielded two 
other full-length clones, IB and IC. Similarly, substitution of 
the 5'-2 fragment into three other full-length DNA constructs 
yielded fulMength DNA clones 2A, 2B, and 2C. In this 
manner, six fulMength cDNA combinations were available 
for analysis. 

InitiaJ Evidence for Infectivity of RNA Transcripts Produced 
in Vitro. RNA transcripts produced from the six cloned 
fulMength dengue DNA templates were tested for infectivity 
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Promoter 5069 10646 
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Fig. 2. Full-length dengue cDNA clones. The diagram depicts 
the fulMength dengue cDNA clone containing the SP6 promoter 
sequence at the 5' end and an y4jp718 cleavage site at the 3' end as 
shown in Fig. 1. The BstBl cleavage site at nt 5069 separates the 
dengue genome into the 5' and 3' half-fragments. Replacement of 
these fragments in fulMength clone lA with the corresponding 5'-2, 
3'-B, or V-C fragments that were constructed from an independent 
set of cDNA clones gives rise to five other fiilMength combinations 
as shown. 



by transfection of simian LLCMK2 cells. Dengue virus- 
infected cells were readily observed by an indirect immuno- 
fluorescence assay 10 days following transfection with 2A 
RNA. In contrast, RNA transcripts from the five other 
fulMength DNA clones were negative by this assay, indicat- 
ing that these cDNA clones contained one or more lethal 
mutations that were not detected by restriction enzyme 
analysis. Confirmation of the infectivity of the RNA tran- 
scripts of clone 2 A was provided by recovery of dengue virus 
from the medium or the cell lysate of 2A RNA-transfected 
cells. The titer of dengue virus present in the transfected cell 
lysate was 10^ plaque-forming units/ml. Treatment of 2 A 
RNA transcripts with DNase I did not aflfect infectivity, 
whereas RNase treatment completely abolished infectivity 
(data not shown). In these experiments the infectivity of RNA 
transcripts was not analyzed by plaque assay. Instead, the 
production of infectious virus in cell culture was sought after 
an extended incubation that permitted virus amplification. 
When assayed in this manner by indirect immunofluores- 
cence the minimum concentration required for infectivity 
was 1 ng for virion RNA and 10 ng for 2A RNA transcripts. 
Thus, specific infectivity was estimated to be 100 infectious 
units/^g of 2A RNA or 1000 infectious units//ig of virion 
RNA. These values were 10-100 times less than those 
observed for yellow fever virus (22), suggesting that dengue 
RNA transfection is relatively less efficient or that one or 
more attenuating but nonlethal mutations are present in clone 
2A. In any event, these analyses indicated that the RNA 
transcripts made from clone 2A were infectious following 
transfection of permissive cells in culture. 

Additional Evidence for Infectivity of RNA Transcripts. To 
provide additional evidence that infectious dengue virus was 
produced by cells transfected with clone 2A RNA transcripts, 
we introduced two silent mutations into full-length dengue 
clone 2A DNA (G3473 T and C3476 A) that created a 
new Pst I site at nt 3476. These mutations created a reporter 
sequence but did not alter the amino acid sequence. RNA 
transcripts were then prepared from reengineered 2A(P) 
DNA, containing the new Pst I cleavage site, and complete 
removal of the DNA template was effected by exhaustive 
digestion with DNase I. These transcripts were then used for 
transfection of cells. The transfected cells produced infec- 
tious dengue virus designated 2A(P). Genomic RNA ex- 
tracted from progeny virus derived from 2A or 2A(P) was 
reverse-transcribed using appropriate primers and the cDNA 
product was employed as a template for a polymerase chain 
reaction (PGR) to generate a DNA fragment between nt 3193 
and 4536. A DNA band was observed at a gel position 
predicted for the 1343-bp fragment produced by PGR (Fig. 3). 
Pst I digestion of the PGR DNA product from 2A(P) virus 
yielded two fragments that were 280 and 1063 bp long as 
predicted by the presence of the Pst I cleavage sequence. The 
control PGR DNA product of virus recovered from 2A RNA 
was insensitive to Pst I digestion. This observation indicated 
that progeny virus 2A(P) was derived from the RNA tran- 
scripts of mutant 2A(P) DNA containing the engineered Pst 
I site. 

Dengue Vims Recovered from Infectious RNA Transcribed 

in Vitro. The progeny dengue virus recovered from the lysate 
of cells transfected with RNA transcripts produced from 
clone 2A or clone 2A(P) was compared with parental wild- 
type virus for ability to produce plaques on LLGMK2 cell 
monolayers. Six days after infection, both progeny virus and 
parental virus produced characteristic dengue plaques. Al- 
though the parental virus previously subjected to passage in 
mosquito cells produced both small and large plaques, both 
progeny viruses recovered from LLGMK2 cells yielded 
mostly large plaques. It is not known whether the mixed 
plaque morphology of the wild-type virus on LLGMK2 cells 
was the result of passage in mosquito cells, leading to 
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Fig. 3. Dengue virus recovered from infectious RNA contains 
the genomic sequence of the DNA template. Progeny dengue virus 
was recovered from LLCMK2 cells transfectcd with DNase-treated 
RNA transcribed from clone 2A DNA (wild-type control) or from 
clone 2A (P) DNA containing an engineered Pst I site at nt 3476 of 
the dengue sequence. The recovered dengue virus was then grown in 
C6/36 mosquito cells. Medium from infected C6/36 cells was col- 
lected and virion RNA was extracted from the pelleted virus. Virion 
RNA was used for reverse transcription and the cDNA product was 
used as template to produce the 1343-bp dengue virus cDNA 
fragment (nt 3193-4536) by PCR using the appropriate primers. Pst 
1 digestion of the PCR product is shown. Lane M shows the 123-bp 
DNA ladder as size markers. 

emergence of plaque morphology mutants. The more uniform 
plaque morphology of the viruses recovered from cells trans- 
fectcd with full-length RNA transcripts probably reflects the 
clonal origin of the clone 2A- or 2A(P)-derived virus. Dengue- 
specific proteins produced by progeny virus-infected cells 
and by parental virus-infected cells were also compared. Fig. 
4 shows the profile of protein bands including dengue virus 
preM, E, NSl, NS3, and other, unassigned, dengue-specific 



M 1 2 3 4 




Fig. 4. Comparison of dengue virus proteins from LLCMK2 cells 
infected with recovered virus or parental virus. ('^SlMcthloninc- 
labeled cell lysates were prepared for immunoprecipitation with 
dengue virus hyperimmune mouse ascitic fluid. The immunoprecip- 
itates were separated by electrophoresis in SDS/12% polyacrylam- 
ide gel (acrylamide/N.A/'-methylenebisacrylamide weight ratio. 
60: L6). Lanes: 1, cells infected with parental dengue virus; 2, cells 
infected with dengue virus recovered from clone 2A DNA; 3. cells 
infected with dengue virus recovered from clone 2A(P) DNA; 4, 
mock-infected cells; M, protein size markers (sizes in kilodaltons at 
left). Dengue virus proteins prcM. E, NSL and NS3 arc indicated. 



bands that were precipitated by dengue virus hyperimmune 
ascitic fluid. The size and relative intensity of each dengue 
protein appeared to be similar for progeny viruses and 
parental virus. Taken together, these results indicate that the 
recovered dengue viruses were similar to the virus from 
which the cDNA clone was derived. 

DISCUSSION 

We constructed stable full-length dengue type 4 virus cDN A 
clones that were used as templates for production of RNA 
transcripts that were evaluated for infectivity in cell culture. 
Evidence is presented that dengue virus was recovered upon 
transfection of permissive cultured cells with the in vitro 
RNA transcripts of one of six full-length DNA clones tested. 
To our knowledge, this represents the first demonstration 
that full-length flavivirus cDNA can be stably cloned and 
propagated in a cloning vector, in the case of yellow fever 
virus, the full-length cDNA used for successful production of 
infectious RNA transcripts was obtained by in vitro ligation 
of two separately cloned DNA segments (22). Instability of 
plasmid full-length dengue type 4 virus cDNA was initially 
observed when E. coU HBlOl was used. Subsequent evalu- 
ation of plasmid dengue cDNA stability in other strains off. 
coli showed that full-length dengue cDNA could be stably 
amplified in E. coli strain BD1528. 

The full-length cDNA clone lA, constructed from DNA 
segments that were used to establish the dengue type 4 virus 
sequence, did not yield infectious RNA transcripts. Replace- 
ment of the DNA segment in the region between the ///VzdIII 
and Bstm sites (nt 44-5069) with a corresponding DNA 
segment obtained from another set of independent clones 
from the same cDNA library corrected the defect, as infec- 
tious RNA was transcribed from the resulting full-length 
clone 2A. The failure of lA DNA to serve as a template for 
infectious RNA transcripts was probably a manifestation of 
one or more deleterious mutations that were not detected by 
restriction enzyme analysis. Such mutations did not appar- 
ently affect expression of the encoded polyprotein, since 
recombinant vaccinia viruses containing sequences for one or 
more proteins from this region each produced properly 
processed and functional dengue proteins (15, 23, 26). It 
should be possible to further localize the site of lethal 
mutation(s) by using smaller DNA segments for substitution 
in a manner analogous to the marker rescue study originally 
performed to map the mutation sites of temperature-sensitive 
mutants of simian virus 40. (27). Comparison of the sequence 
in the functionally active segment with the established den- 
gue type 4 sequence should clarify the nature of the delete- 
rious mutation(s). One or more deleterious mutations also 
occurred in the 3' region between BstB\ and A5p718 sites (nt 
5069-10,646), as two other separately cloned DNA segments 
in this 3' region failed to produce infectious RNA when used 
together with the functional 5' sequences to construct a 
full-length DNA clone. A possibly deleterious mutation in the 
3' sequence of cloned yellow fever DNA was reported (22). 
This change apparently did not occur in dengue virus in the 
3' region of 2A cDNA, which was stably cloned. 

The reduced specific infectivity of dengue virus RNA 
transcribed in vitro might be explained by nonviral 5' and 3' 
sequences if internal sequences were otherwise identical to 
the virion RNA. The predicted 5' terminus of RNA tran- 
scripts contains an additional G following the added m^G cap. 
This additional 5' sequence was also present in the yellow 
fever RNA transcripts, which exhibited 2-3% of the specific 
infectivity of virion RNA (22). Additional nucleotides are also 
present in the 5' sequence of infectious RNA transcribed in 
vitro from cDNA of other RNA viruses including poliovirus 
(18), hepatitis A virus (20), and Sindbis virus (21). In each 
case, the specific infectivity of the in vitro RNA transcripts 
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was also lower than that of virion RNA. The presence of 
additional nucleotides at the 3' terminus might also reduce 
the specific infectivity of in vitro transcribed dengue RNA. 
While it is possible to remove additional nucleotides at the V 
template by exonuclease digestion, as was carried out for the 
yellow fever cDNA template, we found that additional nu- 
cleotides present in the 3' template of dengue cDNA did not 
abolish the infectivity of the RNA product. 

Recovered dengue virus showed a more uniform plaque 
morphology than did the parental dengue virus, which had 
been propagated several times in C6/36 mosquito cells. This 
is not surprising, because recovered virus probably repre- 
sents a clonal population of the original virus stock. None- 
theless» analysis of dengue proteins produced by recovered 
virus and by parental virus showed an identical profile. The 
terminal sequences of virion RNA from recovered virus were 
not verified by direct analysis. Conceivably, specific se- 
quence recognition and initiation of flavivirus RNA replica- 
tion coupled with specific packaging of virion RNA could 
provide a mechanism for precise trimming of the additional 
nucleotides present in transfecting RNA. For these reasons, 
it is possible that virion RNA of recovered dengue virus 
contains authentic terminal sequences despite the fact that 
additional nucleotides are present in RNA transcripts. 

The successful recovery of dengue virus from cloned 
cDNA-derived RNA transcripts has implications for molec- 
ular analysis of dengue virus as well as the development of 
new dengue vaccine strategies. It is now possible to introduce 
mutations into dengue cDNA by site-directed mutagenesis 
and recover dengue virus for biological studies such as 
identification of regulatory elements involved in transcrip- 
tion, replication, and packaging of dengue RNA, as well as 
elucidation of the mechanism of polyprotein processing. 
Molecular techniques now become available for analysis of 
the antigenic structure of dengue envelope glycoprotein and 
other protective antigens and for characterization of other 
viral structural and nonstructural proteins to better under- 
stand their functional role in viral replication and possible 
involvement in dengue immunopathogenesis. 

One immediate application of our current findings is in the 
area of vaccine development. Restriction of dengue virus 
replication should cause attenuation. For example, it should 
be possible to produce a panel of dengue viruses that are 
restricted in viral replication to a varying degree as a conse- 
quence of suboptimal polyprotein processing. The polypro- 
tein NS1--NS2A cleavage site has been chosen as the first 
target for constructing dengue virus mutants that are re- 
stricted because of inefficient cleavage (M, Pethel and 
C.-J.L., unpublished observations). SimilaHy, it may be 
possible to isolate dengue virus mutants containing deletions 
in the coding regions as well as in the 3' or 5' noncoding region 
that result in reduced replicative capacity. Deletion mutants 
would offer the theoretical advantage of being less subject to 
reversion of phenotype than amino acid substitution mutants. 
Dengue virus deletion mutants with altered properties such as 
temperature sensitivity or reduced virulence could be sub- 
jected to further evaluation in monkeys for evidence of 
attenuation prior to initiation of clinical trials in volunteers. 
Because of the concern about immune enhancement as the 
underiying cause for severe dengue (1), the current strategy 
for immunization against dengue favors the use of a vaccine 
preparation that contains all four dengue serotypes. In this 
regard, the full-length cDNA of dengue type 4 virus could be 
used as a vector for engineering chimeric dengue viruses that 



contain the DNA sequence coding for the structural proteins 
of one of the three other serotypes that are substituted for the 
corresponding DNA sequence of dengue type 4 virus. Such 
chimeric dengue viruses prepared from the other serotypes 
would share a common sequence of type 4 nonstructural 
proteins and the 5' and 3' noncoding regions of type 4 if the 
appropriate mutations conferring satisfactory attenuation 
could be engineered in these type 4 regions. In this manner 
it may be possible to construct chimeric dengue viruses of 
type 1, type 2, and type 3 antigenic specificity that could be 
included in a live quadrivalent dengue vaccine. 
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